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Abstract
The cytoskeletal network consisting mainly of actin and actin binding proteins is
highly dynamic, provides structural integrity to cells, and plays a central role in a wide
range of mechanical and biological functions such as migration and the sensation of
external forces. Thus, knowledge of actin cytoskeleton is indispensable for understanding
the mechanics and many biological processes of cells. Although various theoretical,
computational, and experimental investigations have been conducted, the underlying bases
for these critical mechanical properties are still poorly understood. This thesis examines the
morphology and rheology of actin networks through the development of a 3-D
computational model.
First, the viscoelastic properties of actin networks irreversibly bound by actin
crosslinking proteins (ACPs) were investigated. Relative contributions of the concentration
and type of ACPs, the stiffnesses of actin filaments and ACPs, and thermal fluctuations
were evaluated at various prestrain levels. These studies demonstrated for the first time that
under typical biological conditions, extensional stiffnesses of both actin filaments and
ACPs were surprisingly significant, but thermal fluctuations were relatively unimportant.
At high tensions, only a small portion of networks supported a majority of the load.
Second, the relative importance of two mechanisms of ACPs which control
dynamic properties of actin networks, unbinding and subdomain unfolding, was evaluated.
By analyzing the strain-stiffening, stress relaxation, and plastic deformation of the networks
with unbinding and/or unfolding, it was found that despite the possibility of unfolding, ACP
unbinding is the dominant mechanism governing actin rheology under typical experimental
and physiological conditions. In addition, detailed processes by which unbinding plays such
a role were investigated.
Lastly, roles that molecular motors play in the morphology and rheology of actin
networks were studied. Motors enhanced elasticity of actin networks and led to
heterogeneous networks to a degree that was highly dependent on how easily the motors
unbind from actin filaments. ACPs helped the motors to make networks elastic and
prevented the networks from being heterogeneous. Also, morphology of actin-motor
networks was significantly affected by boundary conditions.
Thesis Supervisor: Roger D. Kamm
Title: Professor of Mechanical and Biological Engineering
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Chapter 1
Introduction
Components of living organisms can be classified into organs, tissues, cells, and
intra-cellular constituents in order of large to small length scale. Cells are fundamental
functional constituents and play a significant role in multi-cellular organisms; they facilitate
reproduction, growth, and various chemical reactions [1]. Cells also exhibit a number of
interesting dynamic behaviors in response to external stimuli. Subjected to rapid
deformation, cells tend to develop high levels of stress, whereas they easily deform under
low strain rates with relatively little stress [2]. At fixed shear strain or stretch, marked
stress relaxation has been observed both in vivo [2,3] and in vitro [4]. For most eukaryotic
cells, these behaviors are attributable to the cytoskeleton, a highly dynamic structure mainly
composed of three major constituents with distinct mechanical characteristics [5]:
Intermediate filaments Microtubules Microfilaments
Figure 1.1 Three primary constituent filaments of the cytoskeleton: intermediate
filaments, microtubules, and microfilaments (F-actin). They are distinctly distributed
and play various roles in cells. (Adapted from [1].)
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intermediate filaments, microtubules, and microfilaments (F-actin) (Figure 1.1). Actin is
the most abundant intra-cellular protein in eukaryotic cells; typical concentrations of actin
in the cytosol of nonmuscle cells range from 0.1 to 0.5 mM, but in some cellular structures,
local concentrations can attain values as high as 5 mM [1]. It is widely believed that actin
plays an important role in a wide range of biological and mechanical phenomena including
structural stability, migration, and intra-cellular processes [1].
1.1. G-actin, F-actin, and Polymerization
G-actin (monomeric actin) is a protein with molecular weight of 42 kDa whose
dimension is about 5.5x5.5x3.5 nm [6] (Figure 1.2a). In various cells, G-actin is encoded
by a relatively well-conserved gene family [1]. G-actin self-assembles into F-actin,
(a) (b)
IV
ATP-
binding
cleft
N-terminus
C-terminus
Figure 1.2 Atomic structures of G-actin and F-actin. (a) p-actin monomer contains a
plate-like molecule divided by a central cleft. (Adapted from [1,6].) Each G-actin has
molecular weight of 42 kDa. (b) F-actin consists of a tight double-stranded helix whose
pitch is approximately 74 nm. (Adapted from [7].)
a double helical filament with 7-9 nm in diameter and up to several microns in length [1]
(Figure 1.2b). F-actin is considered a semi-flexible polymer due to relatively large
persistence length, ~10 pm [8,9]. Actin polymerization is governed mainly by a
nucleation-elongation process [10]. Three G-actins form a stable nucleus at low
probability [10,11], followed by quick elongation at both ends at significantly distinct rates:
fast at barbed (plus) ends and slow at pointed (minus) ends. G-actin also depolymerizes at
both ends at analogous rates. Thus, the dynamic behavior of F-actin occurs by elongation
via assembly primarily at the barbed end and by shrinkage via disassembly primarily at the
pointed end, in a polarized manner [12]. At a specific G-actin concentration, the
elongation rate at the barbed end is balanced by shortening rate at the pointed end, resulting
in the net unidirectional movement of actin filaments called "treadmilling" [13].
1.2. Organization of Filaments via Actin Crosslinking Proteins (ACP)
Actin filaments are organized into orthogonal networks or bundles that are coupled
to membrane proteins [5]. The organization of filaments is mediated by actin crosslinking
proteins (ACPs) such as a-actinin, fimbrin, fascin, and filamin [1,14]. Wide variations in
their function and structure in different organisms [15] indicate that ACPs, together with
actin, evolved to satisfy various mechanical needs of cells (Table 1.1). Structural
arrangement of actin binding sites in ACPs is a main factor determining the organization of
actin filaments [1]. If the binding sites are aligned in tandem, as is true for fimbrin and
fascin, ACPs tend to pack actin filaments into stress fibers as are prevalent in the extension
and adhesion of cells. On the contrary, ACPs, such as filamin, have relatively long,
Molecular
Name . Organization of binding sites Locations
weight________ 
__
Fimbrin 68,000 Microvilli, stereocilia, adhesion
plaques, yeast actin cables
(1-actinin 102,000 Filopodia, lamellipodia, stress
fibers, adhesion plaques
Spectrin : 280,000 W Cortical networks
P: 246,000-275,000 1
Dystrophin 427,000 Muscle cortical networks
Filopodia, pseudopodia, stressFilamin 280,000 fibers
Fascin 55,000 Filopodia, lamellipodia, stress
fibers, microvilli, acrosomal
process
Villin 92,000 Microvilli in intestinal and
kidney brush border
Table 1.1 Examples of ACPs. Blue indicates actin binding sites. Structural
arrangement of the binding sites in ACPs determines whether they organize actin
filaments into parallel bundles or orthogonal networks. Largely, large, long ACPs (e.g.
filamin) tend to crosslink filaments at right angle, whereas short, small ACPs (e.g.
fimbrin and fascin) are inclined to bundle filaments. (Adapted from [1].)
flexible arms and have tendency to organize the filaments into an orthogonal network found
in cortical regions near a plasma membrane.
..... ........ ..
1.3. Molecular Motors
Unlike conventional materials, the cytoskeleton is not at thermal equilibrium;
myosin, an active molecular motor walking on actin filaments in a polarized fashion via the
consumption of ATP, generates internal stress, inducing high stiffness. This gives rise to a
dynamic situation in which motors are under constant stress, stochastically unbind, reattach,
and continue their motion along a new filament. Several types of myosin exist such as
myosin I through XVIII. For instance, myosin V carries vesicles for transport and is a
processive motor, meaning that a single myosin V alone is able to walk along filaments
since it remains in a bound state for multiple steps [16]. By contrast, myosin II is a non-
processive motor that binds to filaments for only a small fraction of lifetime, but self-
assembles into a myosin minifilaments to increase processivity. These minifilaments are
capable of producing contractile forces by pulling two actin filaments in opposite directions
[17,18].
1.4. Previous Models for Cellular Mechanics
(Most of this section is adapted from [19].)
Over the past several decades, three major models have emerged, each of which
has been applied to the cytoskeleton (Figure 1.3). Each differs fundamentally, however,
in terms of the primary mechanism(s) that determine the elastic or viscoelastic properties of
the network. In the cellular solids model [20,21], the material is depicted as an athermal
network of beams with rigid connections, and stiffness is determined primarily by the
bending of these individual members. The second model, based on the concepts of
tensegrity [22], proposes that the network consists of a balance between elements in tension
and other elements in compression. In this model, the properties of the individual
elements are relatively unimportant; network stiffness is determined instead by the level of
tension in the system. The tensegrity model also neglects thermal effects. Finally, based
on the assumption that crosslinks or entanglements occur over a length scale comparable to
or smaller than the persistence length of thermally active filaments in the network, the
cytoskeleton has been modeled as a semi-flexible polymer network [23]. The fourth
model, based on the concepts of "soft glassy rheology" [24], will not be discussed here, in
part because the fundamental physics giving rise to this behavior continues to be a source
of some debate and uncertainty.
(a) (b) (c)
Figure 1.3 Schematic representations of three models for cellular mechanics. (a)
Biopolymer model. The network is comprised of thermally active filaments with varying
degrees of crosslinks (light gray). (b) Cellular solids. The cytoskeleton is assumed to
consist of unit cells constructed from elastic beams with rigid connections. (c) Tensegrity.
The network is presumed to be composed of elements that are maintained in a state of
tension either by interactions with other compressive members (as shown) or by tethering
to an external matrix (Adapted from [19]).
1.5. Previous Studies Investigating Actin Networks
Investigating the morphological and rheological properties of actin networks is
indispensable for elucidating the mechanics of cells as well as for understanding a wide
variety of cellular processes. Thus, various experiments have been conducted to probe
viscoelastic properties of cells and reconstituted actin gels using a variety of techniques
such as microbead rheology, magnetic bead cytometry, and bulk rheology [25-44]. In
experiments, discrepancies have been observed among measurements using dissimilar
methodologies, and many of the observed features are not well understood. For example,
viscoelastic moduli measured by single-bead passive microbead rheology are much smaller
than those determined by 2-point microrheology or bulk rheology [25,33,43]. Also,
although distinct power law responses of the storage modulus have often been observed in
vivo and in vitro [29-32,44], their origin is not yet clearly understood.
In addition, recent experiments [45,46] demonstrated that the unbinding and
unfolding behaviors of a single ACP are rate-dependent, and can be described by several
models for bond rupture or domain unfolding including Bell's equation [47]. However,
the link between such dynamic behaviors of single ACPs and the integrated properties of an
actin network remains poorly understood due to difficulties in relating macroscopic
rheological measurements to underlying molecular events. Also, in vitro studies
incorporating myosin II showed a dramatic increase in elasticity of actin gels due to the
contractile activities of molecular motors [18,48]. Nevertheless, the full understanding
about rheology of such actin-myosin networks is still lacking.
Concurrently, many theoretical and computational studies have been performed to
investigate characteristics of semi-flexible polymer networks including actin [49-59]. 2-D
[49,50] and 3-D computational models [51] studying affine and nonaffine deformations of
semi-flexible networks responding to large shear strain revealed two regimes dominated by
bending or stretching of filaments, respectively. Recently, using a microstructure-based
continuum mechanics approach, Palmer and Boyce reproduced many of the rheological
properties of actin networks observed in experiments [52]. The viscoelastic behavior of
semi-flexible networks was also investigated using dissipative particle dynamics and the
concept of microbead rheology [53,54]. Effects of unbinding or unfolding event of ACPs
on viscoelastic properties were investigated in several computational studies [60-62].
Recently, the rheology and morphology of actin-motor solutions have been studied in 2-D
and 3-D computational models [63,64].
To date, however, most of these computational models are too simplistic, or did not
either explicitly take into account ACP and motor mechanics or systematically account for
thermal fluctuations, all of which are potentially important factors governing matrix
viscoelasticity.
1.6. Thesis Overview
This thesis consists of three studies. In the first study, effects of prestrain, the
concentration and type of ACPs, the mechanical stiffnesses of actin filaments and ACPs,
and the thermal fluctuation of actin filaments on viscoelastic properties of networks were
evaluated. The most important finding is that under conditions similar to cells, stretching
of actin filaments and ACPs plays a significant role while the thermal fluctuation is
negligible. In the second study, we estimated the relative significance of two mechanisms
of ACPs governing dynamic behaviors of actin networks - unbinding and unfolding - by
probing the strain-stiffening, stress relaxation, and plastic deformation of the networks.
We found that under typical experimental and physiological conditions, the unbinding event
of ACPs is predominant, not unfolding. In the third study, we studied the roles of
molecular motors in the morphology and rheology of actin networks. The motors highly
enhance the elasticity of networks, leading to heterogeneous morphology.
Chapter 2
Investigating Rheology of Passive Actin Networks
Crosslinked via Static Crosslinkers
(Most of this section is adapted from [19,65].)
2.1. Introduction
With the objective of extending previous computational works and providing new
insights into underlying mechanisms, we develop a Brownian dynamics model of the actin
network that includes features such as steric interaction among filaments, the usage of
explicit crosslinkers, a more realistic morphology, and the consideration of crosslinker
stiffness. By measuring stress in response to applied oscillatory shear strain ("bulk
rheology") and thermal fluctuations of individual segments in the polymeric chain
("segment-tracking rheology"), we investigate viscoelastic properties of actin-like networks
crosslinked by static crosslinkers showing neither unbinding nor unfolding event. It
should be noted, however, that some of the properties employed in our model, especially
for ACPs, were estimated since they are not well-known experimentally. Due to
simplifications in the model and parameter uncertainty, the results should therefore be
viewed as representative of a generic crosslinked network, but lack a quantitatively precise
correspondence to actin networks.
Nevertheless, we found features that semi-quantitatively capture experimentally
observed behaviors of actin networks. The storage and loss moduli, G' and G", followed
power laws as functions of the oscillation frequency. As the prestrain increased, the
network became increasingly elastic. Bending and extensional stiffnesses of actin
filaments and ACPs played an important role depending on the degree of prestrain. We
found that the mechanical response of the network is dominated by a percolating
'supportive framework,' while other actin filaments contribute little to the viscoelastic
moduli. Surprisingly, in typical physiological conditions where the distance between
crosslinking points along F-actin is much shorter than the actin persistence length, we
found that thermal fluctuation plays little role in viscoelasticity, so that the network
consisting of crosslinked F-actins can be viewed essentially as a deterministic overdamped
system in a viscous medium. In sum, our computational model elucidates how various
mechanical responses (thermal forces and the bending and stretching of actin filaments and
ACPs) govern viscoelastic properties of the network under different conditions.
2.2. Methods
2.2.1. Dynamics and Mechanics
In this simulation, actin monomers, filaments, and ACPs experience thermal
motion and interact with each other with defined potentials and binding probabilities.
Individual displacements are governed by the Langevin equation:
m, -- ' = F, - v +B(2.1)
dt' dt
where mi is the mass of ith element (actin or ACP), ri is the element's location, (i is the
friction coefficient, t is time, and v. is the velocity of the surrounding medium. F, is a net
deterministic force, and FB is a stochastic force satisfying the fluctuation-dissipation
theorem. Considering that inertia of all elements is negligible on the length and time
scales of interest, the Langevin equation is simplified by setting the acceleration term to
zero and cast in nondimensional form using kBT, (C,A, and LC,A as primary variables, where
C,A and LC,A are the friction coefficient and length of a segment of F-actin (as explained
later). Positions of all elements are updated using the Euler integration scheme:
1 _ 1 (fBj)i, (i + Ai) =r 1(i) + j AT = (i)+ ) ± + Ai + iAI (2.2)(, dir,) {;
where dimensionless variables are indicated by the tilde "~". Two interaction potentials
describe bond stretch and bending with stiffness kc, denoted by subscripts "s" and "b",
respectively [66]:
Us = -c(F -r)2, Ub kb ( -60 )2 (2.3)2 2
where 12 is the distance between two points constituting a chain, 0 is the bending angle,
and the subscript 0 denotes the equilibrium value.
2.2.2. Coarse-graining Scheme Using Cylindrical Segments
In our previous model [66], we treated a segment of F-actin as a spherical particle
representing two G-actins. To simulate larger length and time scales, we introduced
coarse-graining in which a cylindrical segment represents several monomers. We kept
thermal forces on ACPs and actin segments in a form similar to our previous model, but
incorporated a cylindrical geometry for calculating repulsive forces.
As seen in Figure 2.1, the points of two adjacent elements on a filament correspond
to the ends of one cylindrical segment representing Nc actin monomers of the previous
Figure 2.1 A coarse-graining scheme using cylindrical segments with NC = 5. Dashed
lines show monomers and ACPs used to generate the network using the polymerization
model [66]. Once the network is formed, it is coarse-grained by replacing the original
spheres by cylinders as shown.
model. Accordingly, the diameter of the cylindrical segment, OrC,A, is the same as the
diameter of actin monomer of the previous model, uA= 7 nm, and its length, LC,A, is NC-uA.
By letting each monomer of the polymerized network evolve into a cylindrical segment, a
larger network is created, albeit with a lower concentration of ~1-100 pM. In addition,
one point on a filament axis and the other point representing the center of an ACP
determine the two end points of each arm of the ACP, indicating that ACPs have a structure
with two cylindrical arms whose length and diameter are LC,ACP and UC,ACP respectively.
In this study, Nc was set to 10; this degree of coarse-graining is appropriate since the length
of one rigid cylindrical segment, LCA = 70 nm, is still much shorter than the persistence
length of an actin filament, lp 10 pm.
One consequence of this coarse-graining technique is that it increases the arm
C ACP
ACP
LC,A =N r
length of ACPs. That is, since the redundant volume of the original monomers is
neglected, the arm length of ACPs is extended by (LC,A - UC,A) / 2. This produces a
network for which the shortest distance between two bundled filaments is (LC,A - UC,A) /2
(63 nm in this case) that exceeds the typical spacing formed by many of the bundling ACPs
(e.g. fascin, fimbrin, and a-actinin). However, it is not expected that this will significantly
alter the qualitative behavior of bundled networks since the change in the ACP arm length
is much shorter than the length of F-actin. Previous experiments where different bundling
ACPs led to distinct macroscopic behaviors [40,41] are more likely due to the different
stiffness and dissimilar binding affinities of the ACPs rather than their physical size.
2.2.3. Calculation of Steric Effects between Cylindrical Segments
Repulsive forces are computed according to the following harmonic potential
depending on the minimum distance, F12, between two cylindrical segments, 1 and 2:
S 6Ci + C,i,2 i 2 2 - UC,i,1 + C,i,2
U, 2 2 2 (2.4)
0 if F2 ;; '' 'i ' '' Ci2
2
where 6c 1, and &ci,2 are diameters of the cylindrical segments (i = A or ACP), and ic
is the strength of repulsive effects. Forces calculated from the potential (Equation 2.4),
Fr, are distributed onto the two end points constituting the cylindrical segment, a and p, via
the following equations:
F, =Fr L F F (2.5)
L 
L
l 12
a Yi
Y,
Fra y Fr~p
Figure 2.2 A schematic diagram showing the distribution of the repulsive force acting on
point Y, Fr onto two end points, a and p. The proportion of each force is determined by
y, the distance between point a and point Y.
where y is the distance between point a and point Y on the same segment (0 < y < Lc,,) in
Figure 2.2.
2.2.4. Polymerization, Depolymerization, and Crosslinking
Monomer assembly and disassembly are important determinants of the morphology
of actin networks. Given the rate constants obtained in recent in vitro experiments [67], it
would take -100 s for an actin filament 1.5 pm in length to completely depolymerize, or
~1-10 s to polymerize the same filament with CA= 12.1 1iM. Though in vitro
depolymerization of F-actin is very slow, various ACPs can accelerate it in vivo. However,
we assume here for simplicity that neither polymerization nor depolymerization of actin
filaments occurs within the time scale of interest in this study, -1 s. Unlike our previous
model [66], an ACP can bind to any point along an actin filament in any circumferential
direction. Neither unbinding nor unfolding of ACPs is permitted in this study.
2.2.5. Preparation of a Network to Estimate Viscoelastic Properties
The measurement of viscoelastic moduli can be influenced by the detailed
geometry and the extent of percolation, especially if the network is small. Therefore, the
use of a geometrically identical network for all simulations enables us to systematically
control and isolate the effect of a given parameter. In other studies, actin networks have
been generated by the random placement of equal-length filaments [49-51,54,57].
However, we generated more realistic networks using the previous model that incorporates
both polymerization and crosslinking. A somewhat heterogeneous network bundled by
ACPB (Figure 2.3a) and a well-percolated, homogeneous network crosslinked by ACPc
(Figure 2.3b) were prepared. In Figure 2.3a, ladder-like structures consisting of two actin
filaments and multiple ACPB are evident, in contrast to thick bundles that are often
observed in experiments. The relative absence of thicker bundles in these simulations is
attributable to the small domain size compared to an average filament length. With Nc -
10, the filament length (Lf) is 1.5 pm ± 0.65 tm (average ± standard deviation), and the
actin concentration (CA) is 12.1 pM. We randomly removed ACPs to change RACP (Table
2.1), while maintaining the overall network geometry. In addition, actin filaments longer
than the width of the simulation domain (2.8 pm) were severed to minimize finite size
effects.
(a) (b)
Figure 2.3 Two representative networks used in this study. (a) A network bundled via
ACPB and (b) crosslinked via ACPC, both of which consist of actin filaments of various
lengths (cyan) and ACPs (red). For visualization, VMD was used [68]. Two arms of
each ACP drawn with partial red and cyan are connected to filaments, forming crosslinks.
In (a), due to the small computational domain, ladder-like structures are predominant rather
than long, thick bundles. The linear dimension of the simulation box is 2.8 pim. These
two networks form the basis for all simulations; networks with low RACP were obtained
from these by eliminating a portion of active ACPs. The inset of each plot shows the
detailed geometry of bundled or crosslinked structures consisting of actin filaments and
ACPs.
2.2.6. Adjusting Parameter Values for Coarse-graining
Upon coarse-graining, several parameters need to be adjusted. For the cylindrical
geometry of the segments, approximate forms for friction coefficients are [69]:
3+2Lci / oc, (2.6)
5
4+ Lc,i / ac,j
5
where r is the viscosity of the surrounding medium. However, since the mostly
crosslinked cylindrical segments move predominantly in the transverse direction, and
considering that (Cj is only 1.64 times higher than (C,A,j (LC,A /C,A 10), A
was used in all directions for simplicity. To test this assumption, we compared
simulations with and without the anisotropic friction coefficient at zero prestrain. At fs
10 Hz, we obtained G' = 5.07 Pa (isotropic) and 5.00 Pa (anisotropic), and G" = 2.02 Pa
(isotropic) and 2.39 Pa (anisotropic). Since motion along the filament axis is more
suppressed with prestrain, the effect of anisotropic friction coefficient will be even less.
We also assumed a constant friction coefficient regardless of the filament length to which
the segment belongs. Hydrodynamic interactions between filaments are expected to play
little role and were ignored since the volume fraction of actin is low (~0. 1 %), and because
the filaments have high aspect ratio (long thin rod) [70].
Since the geometry of ACPs changes after coarse-graining, the following
equilibrium values for additional harmonic potentials were used for ACPB:
C,ACP 0.7, CACP =0.143, 0 1q = 0 eq /7 (2.7)
2
ksACP= 5, 000, b,ACP,1 = 250, kb,ACP,2
and for ACPc:
C,ACP =1.45, &CACP= 0'1 4 3  O 0.417, q (8
s =2
ks'ACP =5, 000, kbACPIl = 250, kbACP2 1,000
where LC,ACP and &C,ACP are the length and diameter of a cylindrical arm of ACP, 0,,q is
the equilibrium angle between two arms of ACP, and 02,eq is the angle formed by an arm
of ACP and the axis of the actin filament to which the ACP is bound. ks,ACP, Kb,ACP,1, and
kb,ACP,2 are stiffness constants related to LC,ACP, O9,eq, and 0 2,eq , respectively (Figure 2.1).
Variable Symbol Value
Diameter of cylindrical actin segments
Length of cylindrical actin segments
Time step
Strength of repulsive force
Extensional stiffness of actin filament
Bending stiffness of actin filament
Concentration of actin
Ratio of CACP to CA
Extensional stiffness of ACP
*Bending stiffness 1 of ACP
*Bending stiffness 2 of ACP
Viscosity of medium (water, 300 K)
Boltzmann energy (300 K)
UC,A
LC,A
At
Kr
KS,A
Kb,A
CA
RACP
Ks,ACP
Kb,ACP,1
Kb,ACP,2
kBT
7-0X10- [in] (0.1)
7.0x10- [in] (1.0)
6.17 x10-9 [s] (2.0 x 10-')
1.69x10-3 [N / in] (2,000)
1.69x 102 [N / n] (20,000)
1.06x 18 [N m] (255.0)
0, 0.01, and 0.021 (ACPC)
0, 0.01, 0.02, and 0.04 (ACPB)
4.23 x03 [N / n] (5,000)
1.04x 1018 [N m] (250.0)
4.14 10-18 [N m] (1,000)
0.8599x10 [kg / in s]
4.142x1021 [j] (1.0)
Table 2.1 List of adjusted parameters. Numbers in parentheses are corresponding
dimensionless values as defined in the text. The value and notation of other parameters
are the same as in [66].
* The same values are used for both ACPB and ACPC.
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The value of 0 2,eq is the same as in the previous model, and 1,e of ACPc was adjusted to
maintain an equilibrium minimal distance of 70 nm between two crosslinked filaments.
ks,ACP was set to be one fortieth that of an actin filament due to computational efficiency.
kb,ACp,1 and b,ACP,2 of ACP were estimated to be similar to the bending stiffness of an
actin filament. Other parameters were also modulated according to the altered scale, as
listed in Table 2.1. In our previous model by which the network was generated [66], a
crosslink was allowed only if the torsional angle between two filaments was close to the
equilibrium value (0 for ACPB and 7t/2 for ACPc), and a finite stiffness was assigned to the
torsional angle between crosslinked filaments. However, because the other two bending
forces can preclude free torsional rotation, the torsional force is neglected here for
simplicity.
2.2.7. Bulk Rheology - Simulation
The concept of a strain-controlled bulk rheometer used in experiments was adopted
in order to measure the viscoelastic moduli of the generated networks. First, all actin
filaments were severed at the upper and lower boundaries, and the periodic boundary
condition on those surfaces was deactivated. Cylindrical actin segments within 70 nm
from the bottom surface were fixed, whereas those within the top 70 nm were forced to
move following an imposed strain. For the application of prestrain, the top boundary was
translated at a constant strain rate, fX, up to the desired strain. To measure differential
viscoelastic moduli as in [27], a small sinusoidal strain (5%) was superposed on top of the
finite prestrain. The sum of forces on the ends of filaments attached to the top boundary
was calculated, and divided by the area of the top surface to determine stress. Only the
force component parallel to the surface was considered. In addition, due to the small
dimension of the system, the time scale for water diffusion through the computational
domain is of order 10 ps. Since this is smaller than the smallest period of oscillatory
strain, we assumed that the imposed shear strain immediately induces a linear velocity
profile within the fluid. Consequently, after calculating the stress due to filament forces,
we added a shear stress expressed as:
rZ, = r/ dy" (2.9)dt
where rzx is the shear stress exerted in the x-direction on a plane perpendicular to the z-
direction (pointing from the bottom to the top face), and yx is the shear strain applied in the
x-direction. The induced velocity of medium affects the movement of elements via the v
term of Equation 2.2.
Finally, dividing the measured stress (rzx) by the differential strain (yx), viscoelastic
moduli, G' and G", can be evaluated:
G*(fs) -
G'(fs)= G*(fs)l Cos#0 (2.10)
G"(f )= G*(fs) sin #
where # is phase delay between strain and stress, and |r.| and lx are the amplitude
of the differential stress and differential strain, respectively. Note that # is zero for a
perfectly elastic material and equals rr /2 for a perfectly viscous one.
2.2.8. Bulk Rheology - Experiment (performed with the help ofDr Hyungsuk Lee)
We also measured the mechanical properties of in vitro F-actin networks with a
rheometer (AR-G2, TA Instruments) using a 40 mm parallel plate geometry. Lyophilized
actin monomer from rabbit skeletal muscle was purchased from Cytoskeleton, Inc (Denver,
CO). To minimize artifacts caused by sample preparations [71], the actin was stored at
high concentration (10 mg/ml) at -80'C and thawed rapidly at 37'C before each experiment.
Recombinant filamin A was purified from Sf9 cell lysates, and recombinant human gelsolin
was produced in Escherichia coli. Solutions of gelsolin, filamin, actin polymerization
buffer, and actin were gently mixed. The solutions were then loaded within 10 s into a
rheometer to form a crosslinked F-actin network. After 2 hr of polymerization at room
temperature, frequency-dependent shear moduli, G' and G", were measured in the range of
0.1-10 Hz. To obtain mechanical properties in the linear elastic regime, strain was
maintained below 2%.
2.2.9. Segment-tracking Rheology
Many experiments have used microbead rheology to probe viscoelastic moduli of
actin gels based on the concept that the thermal motion of the bead is reflective of the gel's
viscoelastic properties. Here, we used a variation of this approach, and tracked the mean
square displacement (MSD) of individual actin segments. First, the domain was divided
into a cubic lattice comprised of NMSD cells (NMSD= 512) of equal volume. Then, one
cylindrical element was randomly selected per cell, and MSDs of the center of these
elements were recorded over time. Using a well-known approximate method [72], G' and
G" were calculated from the MSDs. Considering that this method was initially designed
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for a spherical bead, it was appropriately modified for cylindrical elements:
G* (w) kBT
7rb (Ar2(1/))F[1 +X(w)]
G'(w) G* (w) cos(zX(w) /2) (2.11)
G "(o)= G* (co) sin(rX(w) /2)
where rb is the effective radius of an actin segment, which satisfies (C,A,1 62 Ifrb-
F[1± (w)] is the gamma function, where y(co) is the power law exponent describing the
logarithmic slope of (Ar2 (t)) at co =1lt, X(w)= d n (Ar.2
d in t
t=1/0)
2.2.10. Computational Domain Size and Attainable Time Range
In spite of the coarse-graining using cylindrical segments, the length and time
scales that our model can attain are still much smaller than those of usual experiments.
For example, Lf in this computational model is a few microns at most, and the width of the
3-D domain is less than 5 pim. In such a small domain, it is difficult to investigate the
effects of a wide range of Lf or CA on viscoelastic moduli since Lf cannot be longer than the
width of the domain to avoid artifacts associated with self-repulsion, and because an
increase in CA was achieved by a decrease in domain size with a constant number of
molecules. If we increase the number of molecules, simulation time significantly
increases. On the other hand, many in vitro studies have used quite long actin filaments
(-20 pim) with relatively large systems of size -O(1 mm). It takes about 16 days to reach
1 s in typical conditions using an Intel@ Xeon@ 2.66GHz CPU, but experimental results
span up to 100-1000 s. Thus, an exhaustive comparison between computational and
experimental results was not possible.
2.3. Results
2.3.1. Comparison to Experiments (with the help of Dr. Hyungsuk Lee)
While recognizing the limitations of any direct quantitative comparisons between
our model predictions and experiments, we conducted one set of experimental
measurements under conditions similar to those of the simulation (mean filament length
<Lf> = 1.5 pm., RACP 0.01, and CA = 12.1 gM) and compared viscoelastic moduli. In
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Figure 2.4 Comparison between computational and experimental results at (Lf> = 1.5
ptm, RACP = 0.01, and CA= 12.1 pM. Solid symbols: G', open symbols: G". For
simulation, bulk rheology (blue triangles) and segment-tracking rheology (red diamonds)
were employed, while the experiment was conducted only using a bulk rheometer (black
circles). Overlap occurs in the frequency range of 1-10 Hz.
100r-
0.1
order to match <Lf>, gelsolin was added to the sample; the length distribution was
determined by fluorescence imaging. One difficulty in matching simulation and
experimental conditions originates from the fact that RACP in the experiment corresponds to
the total amount of ACPs in the sample, including both those in active and inactive
(partially bound or free) states, whereas in our simulation, it indicates the net amount of
active ACPs that crosslink or bundle two filaments. In addition, due to computational
constraints, the oscillation frequency tested in the simulation overlaps that of the bulk
rheology experiment only in a narrow range. Despite these difficulties, as seen in Figure
2.4, the values of G' and G" computed using the model are in reasonable agreement with
the experiment, both qualitatively and quantitatively, perhaps better than one might have
expected given the range of uncertainty of some of the parameters.
2.3.2. Effects of the Concentration and Type of ACPs on G' and G"
We computed G' and G" of structures crosslinked via ACPc (RACP = 0, 0.01, and
0.021) and those bundled via ACPB (RACP = 0, 0.01, 0.02, and 0.04) using both bulk
rheology and segment-tracking rheology. Networks without ACPs exhibit a slope of G'
close to 0.75, as indicated by the black solid line in Figures 2.5a and 2.6a. This value has
been observed in various experiments [30,73-75], and it is known to originate from
transverse thermal undulations of actin filaments [55]. Interestingly, when repulsive
forces between the filaments are eliminated, the slope of G' estimated via segment-tracking
rheology approaches unity (data not shown), implying that the volume exclusion effect of
neighboring filaments creates a tube-shaped space that hampers free translation and rotation
of the filament [56]. Although the filament confined in this way can perform reptation, it
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is operative on long time scales that are beyond those attainable in these simulations, so the
MSD observed here primarily reflects transverse thermal motions, resulting in the 0.75
slope. On the other hand, the plateau in G' often exhibited by experiments [28,33,76] was
not observed within the frequency range of these simulations. Note that the plateau
modulus is induced by entanglement effects that become more pronounced at longer time
scales. The combination in these simulations of relatively short filaments leading to
longer entanglement time [28] and computational constraints precluding simulations for
longer times limited our ability to observe a plateau. Values of viscoelastic moduli attained
using bulk rheology and segment-tracking rheology exhibit surprisingly good agreement
(Figure 2.5) even though segment-tracking rheology (Equation 2.11) was originally
developed for a test particle much larger than the meshwork of filaments [72]. ACPC
elevates the magnitude of G' and reduces its slope (Figure 2.5a), implying that the
frequency dependence of G' is reduced as networks incorporate more ACPC. G' follows a
power law, G' ~fso3 (dashed line), forfs < 100 Hz at the highest crosslink density, RACP
0.021, which is within the range of powers observed in cells, 0.15-0.3 [29,32,44].
However, the magnitude of G' from these simulations was much lower than in vivo values.
This is likely due to many factors, notably the absence of prestrain. G" increases slightly
as the amount of ACPC is increased, but the slope remains similar (Figure 2.5b). In
addition, a decrease in the phase delay, tan1 (G"/G') (Equation 2.10), accompanies the
increase in RACP, indicating that ACPC elevates the elasticity of the network. At f ~ 103
Hz, the phase delay depends only weakly on RACP, but as frequency decreases, it decreases
more quickly with higher RACP, implying a greater effect by crosslinking at lower
frequencies.
Networks bundled by ACPB exhibit a behavior distinctly different from that of
ACPc (Figure 2.6). Large differences in G' and G" were observed between segment-
tracking rheology and bulk rheology. This originates from the heterogeneity of the
bundled network attributable to the small computational domain, for which viscoelastic
moduli measured by bulk rheology depend strongly on whether or not there are bundles that
percolate between the top and bottom boundaries. We thus discuss results of only
Bsegment-tracking rheology for networks formed by ACP
ACPB increases G' but has little effect on its slope in contrast to ACPc (Figure
2.6a), whereas the phase delay is only slightly influenced by RACP. ACPC is able to form a
well-percolated network even at relatively low RACP, so that the network gels more
efficiently [27] and acts like a single-body elastic object in response to shear stress or strain.
By contrast, ACPB bundles filaments together, resulting in the relatively low level of
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Figure 2.5 Viscoelastic moduli of networks crosslinked by ACPc (a) G' and (b) G".
Open symbols: segment-tracking rheology, solid symbols: bulk rheology. RACP =0.021
(black circles), 0.01 (red triangles), and 0 (blue diamonds). With more ACPC, the
magnitude of G' increases, and its slope decreases. G" is slightly larger for networks with
higher RACP.
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BFigure 2.6 Viscoelastic moduli of networks bundled by ACP . (a) G' and (b) G".
Open symbols: segment-tracking rheology, solid symbols: bulk rheology. RACP = 0.04
(black circles), 0.02 (magenta triangles), 0.01 (blue inverted triangles), and 0 (green
diamonds). Large discrepancies exist between results obtained by segment-tracking
rheology and by bulk rheology with nonzero RACP due to heterogeneity of the bundled
network.
percolation for the same value of RACP as reflected by its low connectivity [66]. Although
the diffusivity of bundled filaments is lower, the lack of connectivity leads to the absence of
elastic behavior at long time scales. In order for ACPB to increase network elasticity to a
similar extent by ACPc, its concentration may have to be much higher.
2.3.3. Effects of Prestrain on G' and G"
Only bulk rheology is employed here since the application of prestrain leads to a
highly nonuniform distribution of the load, with a small fraction of highly tensed filaments
and a larger number of filaments under little or no stress. Due to such heterogeneity,
segment tracking rheology underestimates G' and G" as it randomly traces NMSD segments
from the entire network. The effect of prestrain on G' is analogous to that of ACPc. As
seen in Figure 2.7a, G' increases and produces a weaker dependence on frequency at higher
prestrain (y); at y = 0.55, G' is virtually independent of frequency and is nearly 100-fold
larger than that at y = 0 for fs < 10 Hz. This means that large prestrain transforms the
network into a highly elastic one that exhibits a phase delay close to 0 at all frequencies and
results in G' comparable to in vivo values [29,32,44], wherein it has been postulated that
prestress or prestrain plays a significant role [27]. G" also exhibits interesting behavior; at
high prestrain, it increases slightly at low frequency, similar to in vitro observations using
heavy meromyosin (HMM) [3 8,77], and a similar increase in G" was also observed in vivo
[39,74]. This suggests that at low frequencies, viscous effects play an important role.
Tharmann and coworkers argued that this trend of G" may be due to the unbinding of
HMM. However, since unbinding was not permitted in these simulations, the increase in
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Figure 2.7 Behaviors of prestrained networks. (a) G' (solid symbols) and G" (open
symbols) of networks with RACP 0.021 at various prestrain: y= 0.55 (black circles), 0.4
(magenta triangles), 0.2 (blue inverted triangles), and 0 (green diamonds). At high
prestrain, G' becomes nearly independent of frequency. G" with high prestrain slightly
increases at low frequency. (b) G' at fs = 3.16 Hz versus prestress, ro. G' begins to
increase at about 0.1 Pa and follows a power law, G'~0..
. .. . ............. 
the low-frequency G" with prestrain must originate from a different mechanism. Note that
such a tendency may have been more evident if the simulations were capable of reaching
even lower frequencies.
Also, the relation between G' at fs = 3.16 Hz and prestress (To) was investigated.
It remains relatively constant until a threshold prestress (To ~ 0.1 Pa, Figure 2.7b) beyond
which it increases following a power law, G'~ ro0 8 5. The exponent of 0.85 is close to the
value of 1 found in in vitro experiments under similar conditions [27].
2.3.4. Effects of Extensional Stiffness of Actin Filaments, Ks,A
To illustrate how prestrain transforms a network into a more elastic one, we display
the network using a color scale depending on bond length averaged for duration of 0.1 ms.
Only a small number of actin filaments aligned in the x-z direction are highly stretched
(Figure 2.8a,b). As mentioned above, this heterogeneity precludes using segment-tracking
rheology which measures thermal motions of randomly selected segments, many of which
are not a part of the highly stretched filaments in prestrained networks. The mean
filament length of the entire network increased by only 0.5% with y= 0.55. However, due
to the large value of Ks,A (Table 2.1), this results in large spring forces that contribute
significantly to the high magnitude of G'.
We also performed simulations with different extensional stiffness (Ks,A 0.0338
and 0.0068 N/m) for networks with y = 0.55 (Figure 2.8c). G' and G" decreases with
lower Ks,A, but its phase delay is virtually unchanged (data not shown). When y = 0,
however, variation in KSA has little or no effect since most actin filaments are not highly
stretched (Figure 2.8d). Therefore, Ks,A affects viscoelasticity only under high prestrain.
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Figure 2.8 Importance and effects of extensional stiffness of actin filaments in
prestrained networks. (a) Color-map of the prestrained network with y = 0.55 (red: highly
stretched bonds, gray: intermediately stretched bonds, blue: least stretched bonds. (b)
Similar plot showing only actin filaments with bonds stretched by more than 0.5%. (c,d)
Influence of the extensional stiffness of actin filaments, Ks,A, on G' and G" for a network
crosslinked by ACPC (RACP =0.021) at (c) y = 0.55 and (d) y = 0. Solid symbols: G', and
open symbols: G" with Ks,A 1.69x 10-2 (black circles), 3.38x 10-3 (red triangles), and
6.76x104 N/m (blue diamonds) (e) G' atfs=3.16 Hz as a function of prestress, ro, for Ks,A
= 6.764x 104 (red triangles) and 0.01691 N/m (black circles). G' of both cases remains
nearly constant at low prestress, but starts to increase above -0.1 Pa. The behavior is
similar for the two values of Ks,A except that lower Ks,A leads to a slight reduction in both the
level and slope (-0.7, dashed line) of G' above the threshold stress level.
We also studied the influence of Ks,A on G' (fs = 3.16 Hz) at different levels of
prestress, To (Figure 2.8e). Interestingly, when Ks,A is reduced to 0.0068 N/m, the previous
slope of 0.85 decreases to about 0.7, suggesting that the slope of the curve in the nonlinear
regime increases with KS,A. Note that we used a value of Ks,A that is 1/40 of the
experimentally measured value due to computational efficiency. Our result is thus
consistent with a larger slope observed in experiments, ~1 [27].
2.3.5. Effects of Bending Stiffness and Thermal Fluctuation of Actin Filaments
To address factors affecting viscoelasticity at low prestrain, we probed the
influence of actin filament bending stiffness, Kb,A, by using three different values (Kb,A
1.056x10-1', 1.056x10-1', and 1.056x10-20 Nm) at y = 0 (Figure 2.9a) and 0.4 (Figure 2.9b).
At high prestrain, y = 0.4, variations in Kb,A have little effect on G' and only minor effects
on G", suggesting that in the high prestrain regime, actin bending stiffness does not play a
major role in viscoelastic properties (Figure 2.9b). By contrast, at y = 0, Kb,A influences G'
(Figure 2.9a), although perhaps not to the extent that one might expect for reductions in Kb,A
by factors of 10 and 100.
We also studied the effect of thermal fluctuation of actin filaments using separate
simulations with or without the Langevin force term, FB (Equation 2.1), at various y and lp
( Kb,A/kBT, with T = 300 K) (Figure 2.9c). Without FB, the temperature of the system
drops to ~10 K, as measured by applying the equipartition theorem, where the nonzero
temperature is due to the externally imposed oscillation. Figure 2.9c shows the ratio of G'
without thermal fluctuation (TF) to that with TF at fs = 10 Hz under each condition. At
high prestrain (y > 0.4), the elimination of TF does not affect G' regardless of lp.
Surprisingly, for filaments with bending stiffness comparable to that of actin (lp = ~10 [im),
elimination of thermal effects had no significant effect on G' at any value of y. Only when
Kb,A was decreased (4p < 3 pm) did thermal fluctuations have a noticeable influence on G'.
Under these conditions, 1p became comparable to the average distance between crosslinks,
4c, (0.393 pm at RACP =0.021), in which entropic effects would be expected to play a role
[35], especially with a low prestrain. However, it is not clear whether this range of
conditions can be attained in vivo. This finding that the relation between 1p and le
determines the importance of thermal fluctuations is consistent with previous qualitative
predictions [49]. Yet, our result is at odds with a previous view that entropic effects due to
thermal undulations of individual filaments are responsible for the elasticity of scruin-
crosslinked [35,36] and HMM-crosslinked [38] networks even in the case when lc << lp.
In previous numerical studies [50,51], thermal fluctuations were applied only before
applying shear strain, not during the measurement of stress, and thus they cannot be used as
a clear demonstration that thermal fluctuations are important. Further experimental,
numerical, and theoretical investigations are necessary to clarify the role of thermal
fluctuation and entropic elasticity. For instance, if network elasticity is mainly governed
by enthalpy, and if thermal fluctuation plays little role, we expect that G' will be minimally
affected upon adding crowding agents to increase solvent viscosity and to provide steric
barrier to conformational motion. However, crowding agents may affect organization of
filaments, such as enhanced bundling [78]. Thus, such experiments will need to be
carefully interpreted. Also, the vibrational motion of actin filaments depending on le
measured in a computational study can be compared to theoretical predictions in [49].
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Figure 2.9 Effects of bending stiffness and thermal fluctuation on G' and G". (a,b)
Effects of bending stiffness of actin filaments, Kb,A, on G' (solid symbols) and G" (open
symbols) for a network crosslinked by ACPC (RACP = 0.021) at (a) y = 0 and (b) y = 0.4.
Kb,A= 1.056x10-18 (black circles), 1.056x10~19 (red triangles), and 1.056x 10-20 Nm (blue
diamonds). The changes in Kb,A have large effects on G' and G" in (a) but not in (b). (c)
Effects of thermal fluctuation (TF) of actin filaments on G' at fs = 10 Hz as a function of y
and 1p (calculated at 300 K). At high y (> 0.4) or large 4p (-10 gm), TF plays no significant
role in G'. On the contrary, at low y and lp, G' decreases without TF.
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2.3.6. Effects of Bending and Extensional Stiffnesses of ACPs
Previous studies showed that the detailed structure of ACPs strongly influences
viscoelastic moduli of actin networks. In [26], each synthetically constructed crosslinking
molecule of a different length produced distinctive macroscopic mechanical behaviors. In
addition, Gardel et al. observed significantly different stress-strain relationships between a
reconstituted actin network with intact filamin A (FLNa) and one with mutated hingeless
FLNa [27].
Since these previous results led us to anticipate substantial effects of ACPs in our
actin networks, we investigated the influence of bending stiffness of ACPC, Kb,ACP,1 and
Kb,ACP,2. As described in Methods, Kb,ACP,1 acts between two arms of the ACP, whereas
Kb,ACP,2 limits bending between one arm of the ACP and the axis of actin filament to which it
is attached, with an equilibrium value of n/2. To study their effects, we decreased both
Kb,ACP,1 and KbACP,2 10 fold, 100 fold, and to zero. This had a significant effect on G' and
G" at all prestrains (Figure 2.10), but especially so for the magnitude of G' in the highly
prestrained case with y = 0.4. At small prestrain (y = 0), deformation is mostly associated
with the bending of actin filaments, and the ACP angles remain close to their equilibrium
values. As prestrain increases (to 0.4), the actin filaments are progressively straightened,
especially those that support the bulk of the load. Since this is accompanied by changes in
the angle between crosslinked actin filaments, bending stiffness of ACPs becomes an
important determinant of G'. As prestrain further increases (to 0.55), ACPs are maximally
bent, and stretching of actin filaments is the dominant mechanism for resisting deformation
since changing the extensional modulus has the greatest influence on G'. It should be
noted, however, that though the geometry of ACPC mimics that of FLNa, the large values of
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Kb,ACP are closer to that of stiff scruin. Studies involving mutant ACPC (e.g. FLNa) that
differs in bending stiffness would further clarify our observation.
A change in extensional stiffness of ACPC, Ks,ACP, results in little change in G' and
G" (data not shown) at low y, but plays a significant role at high y. This tendency is not
surprising as unbending of the V-shaped ACPC should precede stretch of ACPC arms
responding to the load.
2.3.7. Significance of Each Parameter at Various Prestrains
Based on the effects of bending and extensional stiffnesses of actin filaments and
ACPs as well as thermal fluctuations discussed above, we can estimate the relative
importance of each factor over a wide range of prestrain and identify regimes where
different phenomena dominate the viscoelastic behavior. For this purpose, each stiffness
was decreased by 25-fold from the standard case, and the ratio of G' with the decreased
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Figure 2.10 Effects of bending stiffnesses of ACPC, Kb,ACP,1 and Kb,ACP,2, on G' and G".
The network is crosslinked by ACPC with and without prestrain (RACP =0.021). Solid
symbols: G', open symbols: G". Kb,ACP control (black circles), 10-fold decrease (magenta
triangles), 100-fold decrease (blue inverted triangles), and 0 (green diamonds) (a) y = 0,
(b) y = 0.4, (c) y = 0.55. The effects of changes in Kb,ACP on G' are the greatest in the
network with y = 0.4.
stiffness to that with the normal stiffness was computed atfs = 10 Hz (Figure 2.11). A fall
in extensional stiffness of both actin filaments (Ks,A) and ACPs (Ks,Acp) decreases G' more as
y increases, implying that the stretch of filaments and ACPs plays an important role in
strain-stiffening behavior at high y, at least at the exaggerated levels of extensional
compliance used in the simulations. Bending stiffness of ACPs, Kb,ACP, is significant at all
tested y, but has the largest effect on G' for y ~ 0.3-0.4. The influence of bending stiffness
of actin filaments, Kb,A, on G' is interesting, passing through a minimum at y = 0.2. We
measured G' under the same conditions but without thermal fluctuation, and the minimum
at y = 0.2 disappeared; the ratios at y = 0-0.2 are similar to each other. Therefore, thermal
fluctuation of actin filaments contributes to an increase in G' at low y when lp is comparable
to lc.
Based on these observations, we propose three distinct regimes: i) A low y regime
where Kb,A is dominant, with thermal fluctuations playing a substantial role for 1p le. ii)
An intermediate y regime in which the effect of Kb,ACP becomes dominant. iii) A high y
regime where Ks,A and Ks,ACP are the predominant factors. Transition from one regime to
another, however, is not sharply defined. Others [50,51] have also argued that bending
stiffness of filaments would dominate in the low y regime, and extensional stiffness of
filaments in the high y regime, but they did not consider stiffness of ACPs as a parameter.
Also, since these previous simulations lacked thermal fluctuations, their relative effects
could not be assessed.
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Figure 2.11 Relative decrease in G' at fs = 10 Hz due to 25-fold decrease of various
stiffnesses at different prestrains. Magenta triangles: KS,A /25, blue inverted triangles:
K,ACP/2 5 , green diamonds: Kb,ACP/2 5 , black circles: Kb,A /25 with thermal fluctuation, and
cyan stars: Kb,A/ 2 5 without thermal fluctuation. RACP = 0.021 was used. The influence of
Ks,A and Ks, ACP increases at higher y, and Kb,ACP is significant at all prestrains. The effect of
KbA on G' increases as y decreases, and by comparing stars and circles, it can be inferred
that thermal fluctuation plays an important role at very low y when lp is comparable to or
less than le.
2.3.8. The Supportive Framework Governing Viscoelastic Moduli
Figure 2.8b shows that only a subset of the entire network supports the dominant
portion of the stress in prestrained networks. While there could be many different criteria
for identifying such a 'supportive framework,' we considered two, based either on the
stretch of actin filaments or on the bending of ACPs. In the first case, we deleted
filaments that were not highly stretched. The remaining network, however, when
oscillated at the same strain amplitude, produced very low stress levels, suggesting that a
significant fraction of the stress-supporting elements had been removed by this process.
In the second case, we use bending force on ACPs as a selection criterion since the change
in Kb,ACP had a strong effect on viscoelastic moduli (Figure 2.10). First, the sum of
magnitudes of all bending forces applied on each ACP in a prestrained state was calculated
during 0.1 ms, the portion of ACPs with the highest bending forces were selected, and the
remaining ACPs were deleted. All actin filaments not connecting between a pair of these
highly strained and bent ACPs were removed. We compared stresses exerted on networks
in which 25%, 50%, and 75% of ACPs remain under the same imposed prestrain. The
network containing only 25% of initial ACPs (Figure 2.12a) consists of filaments oriented
mostly in the diagonal direction on the x-z plane (cf, Figure 2.8b). Moreover, as the
orientational distribution shows (Figure 2.12b, inset), there are (less stretched) filaments
oriented in other directions that also help to transmit the applied load, by bending of
connecting ACPs, which are not selected when a criterion based on stretch of actin
filaments is used. The mean stress and oscillation amplitude of the reduced network
remain nearly at original levels (Figure 2.12b). For example, the network containing only
~28% of the original actin filaments and ~25% of ACPs produced ~70% of the original
mean and amplitude of oscillating stress at the same levels of strain. Thus, bending force
on ACPs is a major determinant of the elasticity of prestrained networks. We also
confirmed that at high prestrain, ACPs experiencing large bending forces tend to displace in
a manner consistent with the deformations being affine, as measured by the S parameter
used in [79] (data not shown). This means that parts of the supportive framework that
bear greater levels of force experience more affine deformation. It is well known that
most cells are in a prestressed state largely due to the actomyosin contractile apparatus
[22,32,80]. By analogy, we hypothesize that the large G' (~103 Pa) measured in cells is
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Figure 2.12 The supportive framework bearing most of stress. (a) Network composed
of filamentous actin connected via ACPs that support the highest 25% of ACP bending
forces. In contrast to Figure 2.8b, there are filaments that are almost perpendicular to the
diagonal direction on the x-z plane, which are not highly stretched yet transmit load by
bending of ACPs connected to them. (b) Stress exerted by prestrained networks (y = 0.4)
consisting of a fraction of actin filaments and ACPs. The extent of ACP bending forces is
employed as a criterion to retain elements. Each symbol corresponds to a different
percentage ratio of the number of ACPs remaining in a rebuilt network to that in the
original network: 100% (black circles), 75% (magenta triangles), 50% (blue inverted
triangles), and 25% (green diamonds). The fraction of remaining actin segments is,
respectively: 100%, 79%, 52%, and 28%. (inset) Orientation angles of actin segments
projected onto the x-z plane for the network in Figure 2.12a. Segments oriented in the z-
direction have a value of 0'. Most actin segments in the reduced structure are oriented in
the (+x)-(+z) direction (450), but segments with other orientations are also important,
presumably because they transmit stress through bending of the ACPs attached to them.
mostly due to the supportive framework composed of the contractile apparatus while the
rest of cytoskeletal structures play comparatively little role in the macroscopic
viscoelasticity of cells.
2.4. Discussion
In this study, with a computational simulation using Brownian dynamics and
rheological techniques, systematic investigations of viscoelastic moduli of actin-like
networks were performed. First, we validated our model by comparing viscoelastic
moduli of a network with an outcome from an experiment conducted using bulk rheometer
under similar conditions. Then, the effects of the kind and concentration of ACPs on G'
and G" were investigated. With no ACP, a slope of 0.75 reflecting the transverse thermal
motion of actin filamets appears. ACPc has a more powerful ability to transform a
network into very elastic one correponding to a lower G' slope and small phase delay than
ACPB. The influence of prestrain on G' and G" was also studied. High prestrain makes
networks quite elastic with G' independent of frequency mainly via the stretch of a small
fraction of actin filaments aligned in a specific direction. Then, the effects of extensional
and bending stiffness of actin filaments and ACPs on viscoelasticity were tested
individually. We found that for viscoelsatic moduli, there are three regimes governed by
different mechanisms depending on the amount of prestrain. At a very low prestrain close
to 0, bending stiffness of ACPs and actin filaments play an important role to determine
viscoelasticity. At an intermediate prestrain, bending stiffness of ACPs has the greatest
effect, and the other stiffnesses also contribute to viscoelastic moduli. At a quite high
prestrain, the extensional stiffnesses of actin filaments and ACPs become dominant factors.
In addition, we studied and discussed thermal fluctuation of actin filaments. When the
average distance between active ACPs is comparable to persistence length, entropic spring
effects related to the thermal fluctuation are quite important at relatively low prestrains.
More systematically, we also probed a drop in G' at 10 Hz responding to a 25-fold
reduction in the extensional and bending stiffnesses of actin filaments and ACPs at six
prestrains. Lastly, we searched the supportive framework that determines most of
viscoelastic characteristics in prestrained networks using the bending forces of ACPs as the
criterion for finding it. Even after 75% of network components are deleted, mean stress
and oscillaion amplitude remain at 70% of original values.
When these results are interpreted in the context of the different models for cellular
mechanics mentioned in Section 1.4, each is found to have certain advantages and
disadvantages depending on the level of prestrain in the cytoskeletal network. In the case
of tensegrity, it is only fair to draw comparisons at elevated prestrains, since without them,
and lacking any compressive elements such as the microtubules, tensegrity would predict a
zero modulus. To the extent that tensegrity is a useful model, one would expect two
salient features [81]: that the modulus would be a linear function of prestress, and that it
would be nearly independent of the elastic properties of the network constituents, in this
case, the actin filaments and crosslinking proteins. Indeed, both of these features of the
tensegrity structure were exhibited by the model, as can be seen by plotting the same data
as Figure 2.11 but in terms of prestress vs. G' on a log-log scale (Figure 2.13). While
there is some dependence on constituent properties when reduced by a factor of 25 with a
slight deviation from a linear slope, the degree of consistency in the results is really quite
remarkable. However, when tensegrity is used to predict the magnitude of the modulus, at
least in its most simple form:
G iro (2.12)
the values are significantly lower, by at least an order of magnitude, than those observed in
the simulation.
At prestrains close to zero, the cellular solids model would be the most appropriate,
given the lack of thermal effects noted above and the inability of the tensegrity model to
capture the modulus of a crosslinked actin network at zero strain. Despite these seeming
advantages, however, the moduli predicted by cellular solids are somewhat higher than
those calculated in the model. The following equation provides estimates of ~316 Pa [20],
about 80-fold higher than that observed in simulation at 1 Hz:
G~ EQ2 (2.13)
where E = 2 GPa is the Young's modulus of the filaments, and 1 = 6.49x10-4 is the volume
fraction of the filaments. This is likely due to the fact that G' shows a strong dependence
on the degree of crosslinking; the cellular solids model, as currently formulated, assumes a
maximal degree of crosslinking, and that these crosslinks are rigid. Our model shows that
both of these effects can cause a significant increase in modulus. Consequently, while
cellular solids would appear to be based on a reasonable physical representation of the
system, its lack of these two critical features makes it difficult to use for direct quantitative
predictions.
Biopolymer models, as stated earlier, have the advantage that they alone account
for thermal fluctuations. However, the results presented here suggest that for conditions
corresponding to the cytoskeleton, and for many of the studies of crosslinked actin gels,
thermal effects seem to be of relatively little importance. Nonetheless, the shear modulus
predicted by this theory [23]:
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Figure 2.13 Values of shear storage modulus (G') at 10 Hz plotted against prestress
(black dashed line has a slope of 1). Red circles: normal stiffnesses, blue triangles: Ks,A
cp/2 5 , green inverted triangles: Kb,AC/ 2 5 , magenta left-pointed triangles: Ks,A/ 2 5 , black
right-pointed triangles: Kb,A /25 with thermal fluctuation, and cyan diamonds: Kb,A /25
without thermal fluctuation.
, Kb,ALC,AlpG ~ (2.14)
where Kb,A .056x 10-18 Nm, lp = 10 pm, le = 0.393 ptm, d 0.393 iim is the mesh length,
yields numerical values somewhat closer to observation, 79 Pa. Moreover, only the
biopolymer models have the capability of predicting the frequency scaling of the moduli,
and the experimentally observed 0.75 power law behavior at high frequency is accurately
captured by these models.
It has been proven that our discrete computational model is very powerful for
investigating the rheological behaviors of actin-like networks. The model incorporates
most of the minimally essential features: the use of realistic morphology, the explicit
existence of ACPs, the consideration of repulsive forces and cross-linker stiffness.
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However, one important feature observed in cells and not captured by the current model is
the effect of unfolding or unbinding event of crosslinks under high stress. Most ACPs
have finite binding lifetimes, leading to dissociation and reformation of crosslinks, which is
known to play an important role in the viscoelastic moduli and rheology of actin networks
[41,82,83]. However, ACPs in this model do not undergo dynamic rearrangement. This
artifact renders the level of stress responding to prestrain unreasonably high. While stress
does not diverge beyond 50 Pa in in vitro experiments [26,27,36,84], it can increase over
100 Pa in our simulation. The absence of crosslink dynamics causes G' in Figure 2.7a to
be much higher and to exhibit a lower power compared to experiments. Nevertheless, our
present results provide valuable insights as well as benchmarks whereby stress relaxation or
dynamic reorganization of networks can be compared as an extension of this work.
Chapter 3
Studying Effects of Dynamic Behaviors of Actin Crosslinking
Proteins on Rheology of Passive Actin Networks
3.1. Introduction
Although the results in Chapter 2 revealed many significant insights into the effects
of prestrain and enthalpic/entropic factors on viscoelastic properties of actin networks, it
lacked realism in that it failed to reproduce the dynamic behaviors of ACPs: unbinding and
unfolding. The two behaviors have been highlighted in numerous recent experiments as
potential factors significantly contributing to the rheology of the actin cytoskeleton [45].
Other previous computational approaches [60-62], while instructive, do not incorporate
ACP unbinding and unfolding simultaneously. In this chapter, we extend our previous
model by including these two events in order to study the roles of unbinding and unfolding
events in actin rheology. It was found that in the strain-stiffening regime where a linear
shear strain was applied, unbinding of ACPs significantly decreases the magnitude of stress
to a reasonable level at high shear strain, whereas unfolding merely delays the increase of
stress to higher values of strain. Frequencies of unbinding and unfolding events at a given
strain depend strongly on the rate at which the strain was generated. ACPs unbound by
greater forces experience larger displacement and tend to rebind to a different filament. In
addition, at constant strain, stress relaxes to physiological levels only by unbinding,
consistent with experiments, not by unfolding of ACPs. While only unbinding appears to
be important at initial stress relaxation, rebinding also plays a significant role in a low-
stress regime. Finally, when the network is allowed to return to an equilibrium position
after shearing, plastic deformation, the irreversible reorganization of the network, is
observed with unbinding, but not when only unfolding is allowed. All of these
observations demonstrate that despite the possibility of unfolding, unbinding should be a
dominant mechanism governing the rheology of actin cytoskeleton.
3.2. Methods
3.2.1. Preparation and Rheological Measurement of an Actin Network
We generate a network in the same manner as Chapter 2, crosslinked only by ACPC
that have a filamin-like V-shape and form orthogonal crosslinks between filaments during
the polymerization process, meaning that the term "ACP" from now on refers to ACPC.
After growing the network, the same coarse-graining procedure using cylindrical segments
is applied to increase length and time scales of subsequent simulations. Filament length
(Lf) is 1.5±0.65 pm (average ± standard deviation), and the actin concentration (CA) is
12.1 pM. The width of a cubical computation domain is 2.8 im. A geometrically
identical network was employed for most measurements to systematically control and
isolate the effects of a given parameter. The measurement of viscoelastic moduli of the
networks is performed only via bulk rheology in which oscillatory shear strain is applied to
the top surface of the simulation box with the bottom surface fixed.
3.2.2. Dynamics and Mechanics
As described in Chapter 2, displacements of actin filaments and ACPs are governed
by the Langevin equation, and most of their mechanical properties are characterized by the
same bending and extensional stiffnesses, and thermal fluctuations are included. Main
differences from the previous model are: 1) the altered extensional behaviors of ACPs to
reflect unbinding and unfolding events and 2) steric interactions acting only between actin
filaments.
3.2.3. Unfolding Event of ACP
Experimentally, the force-extension curve of filamin A exhibits a saw-tooth
behavior with peak values of 100-200 pN at intervals of ~30 nm in response to a pulling
force [46]. When the pulling force is released, it relaxes as a single worm-like chain. To
describe such behaviors of filamin A, each arm of ACP is described by a series of worm-
like chains and can unfold up to Nuf times following Bell's equation. Denoting the
equilibrium and the current length of one ACP arm respectively by ro and r12, the force
Fs(r12) and unfolding rate kuf are:
kBT (21o, - r12 - ro)(r2 -ro) r12 - ifro 
F (r12) = p 4102, (1- r/l,) 2 (1-ro/o,1 )2  ln ] (3.1)
Ls,ACP (r12- rf r12  ro
kuf exp 4f Fs if r1 2 > rokuf = (kBT (3-2)
0 if r12 <ro
where p = 0.33 nm is the persistence length, lo, = (140 + 30xi) nm (i 0 - Nuf) is the
maximum extension for the ith unfolding, ro = 105 nm, and KS,ACP is the stiffness of ACP
against compression below the equilibrium length ro. ki is the zero-force unfolding rate
coefficient, and lur = 6x10-10 m is the mechanical compliance. To study the long-time
behavior (see below), in different simulations, we rescale k. with respect to the reference
value, k,= 3.0x 10- s~'. Values of kf, and Au are set based on previous experiments
and Monte Carlo simulations [46]. Each unfolding event increases i by 1 while keeping
track of the values of ri2 where the ithunfolding occurred, ru,1. When r12 decreases below
rufi, refolding occurs; i remains fixed during the relaxation phase but decreases by 1 during
extension phase. The periods of relaxation and extension are determined by changes in
the ACP length during the previous 10 time steps (= 61.7 ns), where a reduction in length
for > 8 out of 10 steps is considered relaxation. Once relaxation begins, 10, remains
constant. When re-extension begins, loj instantly changes to a value corresponding to i
satisfying ru,-1 < r12 ruf,1. This is to capture the behavior observed in AFM experiments
200 -
---- Ext. rate=0.3 pm/s
- Ext. rate=30 jim/s
0
C)
100-
0LL
0 100 200 300
Net extension, r12- r [nm]
Figure 3.1 Sample force-extension curves of one arm of an ACP with Nuf =10. Two
extension rates are used: 0.3 pm/s (thick red dashed line) and 30 pm/s (solid blue line).
Dotted lines: worm-like chains following Equation 3.1.
[46,85]. Simulations conducted with a single ACP at two extension rates are qualitatively
similar to results of AFM measurements (Figure 3.1).
3.2.4. Unbinding Event of ACP
ACP unbinds in a similar manner but with different parameter values:
k.0 exp 4bFs if r12 ! ro
k x = kBT ) (3.3)
ku if r12 <ro
where ku0 is the zero-force unbinding rate coefficient, and Aub = 1.04x10-10 m is the
mechanical compliance of the bond for unbinding. The reference value of kub0,= 0.115 s-1
is taken from experiment [45]. In our model, simultaneous unbinding of both ACP arms is
prohibited to preclude extensive calculations for diffusion of cylindrical arms of free ACPs.
We also assume that if an unbinding event occurs on an ACP arm, it completely refolds, and
r 12 immediately restores to its equilibrium value, ro (i = 0). Once unbound, the arm of an
ACP thermally fluctuates until it rebinds.
3.2.5. Mimicry of Long-time Rheology
In typical experiments, stress relaxation occurs over a time scale longer than
seconds [4] which we address in our simulation by employing the following scaling
argument. Based on the expectation that network dynamics is governed mainly by the
rates of unfolding and unbinding of ACPs, longer-time behaviors may be captured by
adjusting the zero-force rate coefficients, ku0 and k, that we collectively denote as k0.
By scaling time by (k0)-', certain types of time-dependent behaviors could be reduced to a
single universal curve. This allows us to predict behaviors at much longer times simply
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by increasing kb and kje and scaling time accordingly. We examined this hypothesis
by either increasing shear strain linearly with time (Figure 3.2a), or monitoring stress
relaxation under constant strain (Figure 3.2b). Denoting the time over which the shear
strain is applied in the first case and that during which stress relaxation is measured in the
second as r, all cases with the same values of kr exhibit similar rheological behaviors.
3.2.6. Simulation of a Micro-bead Experiment
To verify the roles of unbinding event of ACPs, we performed a simulation
mimicking experiments where a micro-bead is pulled in unidirection by an optical tweezer.
For using a micro-bead with the size comparable to the experiments, we prepared a larger
network whose domain is 5 pm with CA= 12 gM , < Lf > -1.5 pm, and RACP = 0.017.
After polymerization, all actin filaments are severed and clamped at the upper and lower
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Figure 3.2 Invariance of rheological behaviors with ku 'r fixed, which enables to mimic
long-time rheology. (a) Five curves representing strain-stiffening of actin networks
correspond to each other well despite different strain rates. (b) Three curves representing
stress relaxation also show a dramatic match.
boundaries (z-surfaces), and periodic boundary conditions are imposed on all other
boundaries (x- and y-surfaces). A micro-bead whose diameter is 1.2 gm is then inserted
into the actin network by replacing all filaments within a central spherical region with a
rigid sphere. To simulate the network experiments, the microbead is forced to move in +x
direction with the constant rate of 20 prm/s. Only interaction acting between actin
networks and the micro-bead is a volume-exclusion effect. During the simulation, only
unbinding of ACP is allowed. Both the sum of forces acting on the microbead in x-
direction and the state of each ACP (bound or unbound) are recorded as functions of bead
displacement.
3.2.7. Parallelization of Computational Codes
From this study, the computational codes are parallelized using the Message
Passing Interface (MPI) in order to reach larger length and time scales. Since our
computational model has no long-range interaction such as electrostatic force, the best
strategy for parallelization is spatial domain decomposition with subdomain load balancing
(Figure 3.3a); in calculation using P processors, a whole domain is initially divided to P
equal-sized subdomains, followed by the distribution of particles based on their location.
At every time step, all information of particles located within 200 nm from boundaries is
transferred to adjacent subdomains for synchronization required for calculation of forces.
Each CPU performs computations for only particles belonging to its own subdomain.
Also, at every certain time steps, location of boundaries sectioning subdomains is adjusted,
so that each CPU bears as similar loads as possible. We have evaluated the increase in
computational efficiency of simulations containing about 9,000 particles, depending on the
number of CPUs (Figure 3.3b). The computational time required for a 0.1 s simulation
was determined for seven cases, each with a different number of CPUs assigned. Relative
efficiency, the ratio of time with 1 CPU to time with P CPUs, appears to be a power
function of P:
Relative efficiency ~ P 715 (3.4)
A primary reason preventing the efficiency from increasing linearly with P is that
with the domain of the same size, using more CPUs leads to smaller subdomains, with the
consequence that the fraction of particles transferred to neighboring subdomains for
synchronization grows.
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Figure 3.3 Parallelization of computational codes. (a) A schematic diagram showing
spatial domain decomposition with subdomain load balancing. In this example, the
domain with periodic boundary condition is initially divided into four subdomains by red
lines. Information of particles located in yellow regions whose thickness is 200 nm is
transferred to neighboring subdomains for synchronization every time step. Positions of
red lines are adjusted at a certain time interval to maintain the number of particles in each
subdomain at similar levels. (b) Relative efficiency depending on the number of assigned
CPUs. Blue indicates measurements in seven cases, and red corresponds to -P 0m
16k-
process, and therefore the increased amount of communication impairs the efficiency. It
was confirmed that with a larger computational domain, the exponent of 0.715 became
greater, indicating that the parallelization is more efficient for larger domains.
3.3. Results
3.3.1. Strain-stiffening
With this model, we first investigated strain-stiffening. A constant shear strain
rate is applied to the actin network (f =10 s ) with both unbinding and unfolding of ACPs,
and the corresponding shear stress is computed. Five different values for the zero-force
rates coefficients are used (ku0 / k0,= k I/k,= n; n =1-100), each leading to a different
effective shear strain rate j'eff =r/n based on scaling arguments above. The frequencies
of unbinding and unfolding events strongly depend on jeff (Figure 3.4a): at small jeff (< 1
s-I), unbinding events dominate, whereas at large jeff (> 1 s-1), unfolding does.
Importantly, under typical physiological and experimental conditions (feff < 1 s-1),
unbinding/rebinding dominates with negligible effects due to unfolding/refolding. The
overall shape of the stress-strain curves (Figure 3.4b) is consistent with experiments [26,27].
When unfolding prevails at the highest jreff, the stress level steadily increases. In contrast,
when unbinding dorminates, stress collapses at a level similar to experimental values.
Critical stress at which stress begins to deviate from the control case appears to be
proportional to J'ffe, rc -ff 0.7 (Figure 3.4c). From the measurement of forces acting on
ACPs, we found that unfolding leads to relatively uniform distribution of external load on
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Figure 3.4 Strain-stiffening behaviors with unbinding and unfolding. (a) The frequency
of four events depending on n (=k,s k,=k, /k,, ) with j = 10 s~1. Yeff In on the top
horizontal axis indicates the effective shear strain rate (see text). With small n, unfolding
events are predominant with a noticeable difference between the frequencies of unfolding
and refolding, whereas with large n, unbinding and rebinding dominate to similar extent.
(b) Stress-strain behaviors with different eff . When unfolding is prevalent, stress is
merely delayed without manifest drop. By contrast, the dominance of unbinding leads to
the catastrophic reduction of stress to a level observed in experiments, ~10 Pa. (c) Critical
stress (re) at which stress starts deviating from the control case in Figure 3.4b, depending
on eff. For each feff, re from four simulations are plotted using the same colors and
symbols as Figure 3.4b. A black dashed line indicates rc - Yeff 0. (d) Distributions of
forces acting on ACPs with either unbinding (blue) or unfolding (dark brown) at y = 1.
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an entire network, enabling the network to bear high external load with relatively low load
on each component (Figure 3.4d). On the other hand, unbinding appears to substantially
decrease the fraction of the network with high load, resulting in the dissipation of high load.
However, even after a large number of unbinding events, the highest load is still supported
by a small portion of the network. These different force distributions that unbinding and
unfolding events induce are consistent in a previous computational study [60] and can
explain both the steady increase of the shear stress in unfolding-dominant cases and the
marked reduction in unbinding-dominant cases. Considering that strain rates are hardly
larger than 1 s-1 in biological systems, rheological behaviors seen in typical in vivo and in
vitro conditions are likely governed by ACP unbinding although unfolding may occur [46].
To further examine how unbinding and subsequent rebinding of ACPs reduce stress,
we quantified the displacement between unbinding and rebinding of ACPs (Figure 3.5a).
The amount of displacement resulting from a change in linear shear strain in +x-direction
applied while the ACP remains in a free state was subtracted to compute net displacement.
ACPs unbound with larger forces tend to be displaced more. We also traced whether or
not unbound ACPs rebind to the same filament (Figure 3.5a). We assign a turnover value
of 1 for ACPs that reattach to a different filament, and 0 for those rebinding to the same
filament. Above 20 pN, nearly all unbound ACPs rebind to different actin filaments. In
addition, the displacement or turnover of ACPs is measured depending on prestrain level
(Figure 3.5b,c). In Figure 3.5b, ACPs unbound at higher prestrain have tendency to
experience larger displacement and rebind to a different filament. Figure 3.5c shows that
trivial unbinding with negligible displacement occurs at all prestrain, but significant one
accompanied by large displacement happens more often at greater prestrain. Large
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Figure 3.5 Displacement and turnover of ACPs during strain-stiffening with unbinding.
(a) Displacement of ACP between unbinding and rebinding (solid circles), and the average
turnover indicating whether or not unbound ACP rebinds to the same filament after
unbinding (open circles). The turnover value of one or zero respectively indicates
rebinding to a different or the same filament. ACPs unbound with larger forces tend to
rebind to different filaments after large displacements. (b) Averaged displacement (red)
and turnover (blue) of ACPs depending on prestrain at which ACPs unbind. ACPs
unbound at higher prestrain level tend to be displaced more and rebind to a different
filament. (c) Detailed distribution of ACP displacements at each prestrain. Unlike trivial
unbinding with negligible displacement, significant one occurs more often at higher
prestrain. (d) An example showing displacement and turnover of ACPs unbound with
more than 20 pN during shearing of the domain from y = 0 (dashed line) to y = 1 (solid
line). On the x-z plane, lines are drawn between unbinding and rebinding locations, with
the latter indicated by symbols: Open (solid) circles denote rebinding to different (same)
filaments.
Unfolding force [pN]
unbinding force should be associated with high prestrain, and thus the tendency in Figure
3.5b,c is consistent with that in Figure 3.5a. Figure 3.5d shows one example of the
displacement and turnover of ACPs unbound with > 20 pN, demonstrating that ACPs tend
to rebind to a different filament following a diagonal displacement. In fact, highly loaded
ACPs unbind mostly from a small fraction of the actin network termed the 'supportive
framework' that bears most of the load in Chapter 2. We found that ~85% of all ACPs that
ruptured with > 20 pN belong to the supportive framework which constitutes only 25% of
the entire network. Immediately after unbinding of such stretched ACPs, the filaments
where the ACPs were originally attached undergo rapid reconfiguration to relieve the load,
and thus they are unlikely to remain close to the original ACPs. A cascade of such events
will lead to reconfiguration of the network and reduction in stress to levels observed in
experiments, ~10 Pa.
3.3.2 Stress Relaxation
We next studied stress relaxation. A steady shear strain was first applied to y
0.6 with neither unbinding nor unfolding, followed by holding y constant for 5 s with
either unbinding (10kIb,,) or unfolding (10kuf,) (Figure 3.6a). Unfolding induces little
stress relaxation regardless of refolding, whereas unbinding results in substantial stress
relaxation. In the case when both ACP unbinding and rebinding are allowed, stress tends
to relax to a finite nonzero value. Without rebinding, while stress relaxation until ~1 s is
similar to the case with rebinding, later it continues to decrease. When stress relaxation
curves are fitted to a local power law (Figure 3.6a),
r(t)~ t- (3.5)
the exponent x varies between 1 and 4 in the case without rebinding, and between 0.5 and 1
with rebinding. Thus, unbinding primarily governs stress relaxation at high stress levels,
but rebinding becomes significant at low stresses by reconfiguring the network so that it
can resist low levels of stress and slow down stress relaxation. Compared to an
experiment [4] where stress relaxation of reconstituted actin networks crosslinked by
filamin was evaluated, our value of x is too high. However, the initial stress in this
relaxation experiment was less than 5 Pa, suggesting that the system is in a regime where
rebinding is more significant. To test this, we measured stress relaxation of the network
sheared to y = 0.12 with rebinding (data not shown). Stress relaxed from ~1 Pa with x <
0.2, which is more consistent with [4]. A similar behavior would be observed if we
initially shear the system with unbinding of ACPs allowed.
It is apparent that stress in the case with rebinding would eventually drop close to
zero after long time since the network has no external energy input. However, for in vivo
cells, molecular motors will supply the energy that can maintain stress at a relatively
constant level, which explains why stress in cells does not converge to zero during
relaxation and has a quite large relaxation time in a long-time regime, ~20 s, in [86].
In addition, we picked network structures at t = 0, 0.1, 0.2, and 0.3 from a case
with both unbinding and rebinding, measuring their G' and G" with no unbinding for
studying a change in viscoelastic moduli induced by stress relaxation. As seen in Figure
3.6b, with more stress relaxation, the magnitude of G' significantly decreases, but its power
law exponent slightly increases. The change in G' with relaxation explains a discrepancy
between G' of prestrained networks in the previous study [66] and that in experiments [84].
Also, it implies that the weak power-law behavior of G' despite quite high magnitude in
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Figure 3.6 Stress relaxation due to unbinding or unfolding. (a) Stress relaxation caused
by unbinding with (green) and without rebinding (blue) and by unfolding (red). Time is
multiplied by 10, to be consistent with scaling of unbinding/unfolding rates. Regardless
of rebinding, green and blue curves are similar at t < -1 s. However, rebinding event
plays a significant role by preventing the stress from quickly converging to zero. By
contrast, the stress with unfolding remains at a relatively constant value, meaning negligible
stress relaxation. (b) G' (solid symbols) and G" (open symbols) of networks that were
extracted at t = 0 (black circles), 0.1 (magenta triangles), 0.2 (blue inverted triangles), and
0.3 (green diamonds) from stress relaxation measurement with both unbinding and
rebinding. The moduli were measured with neither unbinding nor rebinding. With more
stress relaxation, G' has lower magnitude and slightly greater slope, corresponding well to
observations in experiments [84].
cells [44] might be attributable to the dynamic properties of ACPs. In addition, an
interesting behavior that G" increases at low frequency that we found in the previous study
disappears after substantial stress relaxation, meaning that the behavior is somewhat
artificial due to the absence of unbinding.
3.3.3 Plastic Deformation
To study plastic deformation of the network, we applied a constant shear strain rate
(eff= 10, 1, or 0.1 s-) up to y = 1.0 with unbinding/rebinding or unfolding/refolding.
The top boundary was then allowed to freely relax (Figure 3.7a). With unbinding and
high J'ff , y returns close to its initial value (y= 0). However, with unbinding and low
eff-, y decays more slowly until 0.01 s, and later the rate of relaxation decreases to a level
similar to high J'ff , implying that y may asymptote to a nonzero value. By contrast, in
all cases with unfolding, y rapidly returns close to zero. The difference between
unbinding and unfolding can also be seen from displacements of ACPs between their
original positions and those at t = 2 s (Figure 3.7b). In cases with unfolding only,
averaged displacements of ACPs are similar to the control case with neither unbinding nor
unfolding while unbinding with lower jeff results in larger average displacements,
indicating a higher degree of network reorganization. It is useful to compare the local
power exponent in y~ t -x to experimental data. Cases with unbinding events have
relatively consistent values, x=0-0.4. Especially, the case with J'ff = 0.1 s- corresponds
to typical experimental conditions in terms of frff and r (t = 0) = 20 Pa. Its exponent
is less than 0.2, in good agreement with the in vitro value, ~0.17 [27]. The amount of
plastic deformation in [27], where y falls from the initial value of 0.08 to about 0.02,
might have been greater if the reconstituted actin network had been sheared to a greater
strain. These observations in the simulations implicate that although the power-law
exponent could be greater than 0.2, the unbinding event with physiologically and
experimentally reasonable shear rates prevents stress from increasing to very high level,
keeping the power-law exponent lower than 0.2. Therefore, irreversible deformation
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Figure 3.7 Irreversible deformation of actin networks with unbinding or unfolding. (a)
Log-log plot of shear strain (y) profiles. The top surface of the computational domain
was sheared up to y = 1.0 with different jeff (legend), and was released. The dashed
line indicates the control case with neither unbinding nor unfolding. A case with
unbinding and eff= 10 (red) exhibits instantaneous retreat near to an initial location, y = 0,
contrasting to other cases with unbinding where y reduces much slower at the initial stage.
Unlike unbinding, all cases with unfolding show an identical behavior that y rapidly
decreases close to zero, which is quite analogous to the behavior of a case with neither
unbinding nor unfolding. (b) Average displacements of ACPs between the original
network and the network at t = 2 s in (a). The numbers on the x-axis represent jeff in
each case. Unfolding causes few differences in comparison to the control case. By
contrast, with more unbinding events, the averaged differences become larger, meaning
substantial network reorganization.
observed in experiments is attributable to unbinding rather than unfolding, supporting that
the unbinding event is of more importance than unfolding in physiological and
experimental phenomena.
3.3.4 Micro-bead Rheology
(with the help of Dr Hyungsuk Lee. Most contents in this section are adapted from one of
my publications [87].)
To substantiate the importance of unbinding of ACPs in the mechanical response of
actin networks, we also simulate a micro-bead experiment (Figure 3.8a). As can be seen
in Figure 3.8b, the response measured in the simulation is qualitatively similar to those in
Figure 3.8c: an increase in the force and the existence of multiple transitions when the force
drops abruptly. During bead displacement, a number of ACP unbinding events occur (red
circles on the curve), but most appear to be insignificant in that they are not reflected by
any noticeable change in the force curve, except for two cases. In order to isolate the
critical unbinding events, we apply two criteria: (1) the distance between the ACP and the
surface of the microbead at the moment of unbinding must be < 500 nm, and (2) the ACP
must lie within a cone centered on the +x-axis with an included angle of 27E / 3. Only
three rupture events meet these criteria (blue circles). Two of these correspond to the
sudden transitions of the mechanical response though one occurs early in the simulations
and seems irrelevant. This implies that the multiple transitions observed in the experiment
can be attributable to the unbinding of ACPs in close proximity to the microbead.
3.4. Discussion
In this study, we evaluated the relative significance of unbinding and unfolding
events of ACPs by simulating three rheological behaviors - strain-stiffening, stress
relaxation, and plastic deformation - with unbinding and unfolding. In all cases, the
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Figure 3.8 Simulation of a micro-bead experiment. (a) The network consisting of actin
filaments (cyan) and ACPs (red) with a microbead (blue) at a bead displacement of 2 pm.
(b) Mechanical response of an actin network with a micro-bead, simulated by a
computational model. Red circles show all ACP unbinding events, and blue circles show
only those satisfying the two criteria described in the text. The force acting on the
microbead rises with increased bead displacement, and two abrupt drops (arrow heads) in
the force are evident. (c) The same type of data from a micro-bead experiment with CA
10 pM, < Lf >= 5 pim, and RACP 0-01 [87].
behaviors observed in in vivo and in vitro experiments appeared only with unbinding of
ACPs, implying that the unbinding event is a predominant mechanism governing the
rheological behaviors of actin networks under physiological and experimental conditions.
With unfolding only, the topology of the network does not change, so the system is unable
to adapt to the changes in the loading condition. Unbinding of ACPs allows
reconfiguration of the supportive framework, the main core of the network responsible for
the elastic response [65]. Nevertheless, the functional importance of ACP unfolding
cannot be ignored. It may assist transient deformation of the actin network, and unfolding
of an ACP domain may also have a signaling role. Experiments with, e.g., mutant filamin
where domain unfolding is prevented by disulfide bridges may help to clarify our present
results.
We have shown the predominance of unbinding using a computational model
incorporating filamin-like ACPs with both unbinding and unfolding events. Including the
effects of motor proteins and cell membranes in the present type simulations would help to
better understand the rich diversity of cellular phenomena.
Chapter 4
Investigating Roles of Molecular Motors in the Morphology
and Rheology of Active Actin Networks
4.1. Introduction
Self-organization of biopolymer filaments (e.g. actin filaments and microtubules)
and molecular motors (e.g. myosin and kinesin) has been highlighted since they are crucial
components for cellular life [63]. Several experiments showed that they can be organized
into a wide range of distinct structures via the contractile actions of motors [88,89]. One
of the most interesting structures is a stress fiber, which is a contractile actomyosin bundle
consisting of relatively short actin filaments crosslinked by various proteins, e.g., a-actinin
and myosin [90]. Stress fibers play a significant role in determining the viscoelastic
properties of cells and vary in their prevalence and orientation as a function of the stresses
experienced by a cell and the nature of the substrate to which the cell is attached. Despite
previous theoretical [91] and computational studies [63,64], a clear understanding of the
morphology of active networks and the assembly mechanisms of stress fibers is still lacking.
In in vitro experiments using reconstituted gels composed of actin and passive actin
binding proteins such as filamin, the gels exhibited G' comparable to cells only when they
were prestrained or prestressed [27]. However, cells are capable of exhibiting high
stiffness without such external stimuli, and this has been attributed to contractile action of
molecular motors [18]. Recently, it was shown that reconstituted solutions with actin,
filamin, and myosin II could exhibit a stiffness similar to that of cells [18]. Thus, it has
been believed to truly capture the rheological properties of the cytoskeleton, it would be
necessary to include active molecular motors.
Our previous computational study in Chapter 3, while it allows for dynamic
crosslinks, lacks active motors. Here, we extend our previous model by including a motor
mimicking myosin minifilaments consisting of many myosin II molecules in order to
investigate the morphology and rheology of active actin networks. Motors transformed
the actin networks, increasing their stiffness to a degree depending on the concentration and
processivity of motors, and resulting in a more heterogeneous distribution of actin filaments.
ACPs help the motors to enhance the elasticity by increasing percolation but also obstruct
the motors by occupying binding sites of actin segments. In contrast to motors, ACPs
prevent networks from becoming heterogeneous. The effects of kinetic parameters of
motor walking and ACP unbinding on viscoelastic moduli appear to be negligible in
comparison with that of motor unbinding. Network morphology is also highly dependent
on boundary conditions, with the formation of sheets or fibers under various conditions.
4.2. Methods
4.2.1. Preparation and Rheological Measurement of an Active Actin Network
An active actin network with motors is generated in a similar manner used in
Chapters 2 and 3. After generating the network orthogonally crosslinked by ACPs, a
portion of ACPs are transformed to motors based on the concentrations of ACPs (CAcp) and
motors (CM). Consequently, the specific dimensions of the motors is not mimicked, only
the general behavior of a network with active, contractile crosslinkers. In all networks,
the average filament length, <Lf>, is about 1.5 pm, and CA is 12 gM, and we prepared both
small and large networks in cubical domains whose width is 2.8 pm and 5.0 pm
respectively. Rheological properties of the active networks including G' and G" are
measured via the bulk rheology technique described in Section 3.2.1.
4.2.2. Mechanics of Actin Filaments, ACPs, and Motors
Mechanics of actin filaments, ACPs, and motors is governed by extension and
bending potentials, denoted by subscripts "s" and "b" respectively:
kBT 0 2 r- o+ - if ACP and r ro
Us (r)= 4(1-r/lo) 4(lro/lo)2 2lo (4.1)
122-Ks (r -ro) 2  else
22
Ub (O- Kb( 0 2 (4.2)
where p 3.3 x 10-10 m is taken to be the persistence length of an ACP, 1o 1.4x10-7 m is the
maximum extension of ACP, r is bond length, Ks is extensional stiffness, 0 is bending angle,
Kb is bending stiffness, and the subscript 0 denotes an equilibrium value. Note that only
the extension of the filamin-like ACPs beyond ro follows a shifted worm-like chain model
[46]. Arms of ACPs do not unfold as modeled in Chapter 3 since we demonstrated there
that only unbinding of ACPs plays a dominant role under physiological and experimental
conditions. All other extensional behaviors are governed by a linear spring model. As in
our previous studies in Chapters 2 and 3, bending stiffnesses are introduced to restrict actin
filament bending (Kb,A), maintain the equilibrium angle between two arms of an ACP
(Kb,ACP,1) or motor (Kb,M,1), and sustain the right angle between the axis of a filament and the
arm of an ACP (Kb,ACP,2) or motor (Kb,M,2). Values of ro, Ks, 60, and Kb for actin and ACP are
as specified in Chapter 2 and 3. ro,M and Oo,M are the same as those of ACP due to
geometric correspondence mentioned above. Ks,M = 4.5 x 104 pN/nm is based on a
previous experiment [92], whereas Kb,M,1 = 1.Oxi-1 Nm and Ks,M,2 = 4.1 x 1020 Nm are
arbitrarily determined due to lack of experimental data. In addition, as in previous models,
actin filaments experience thermal fluctuation and volume-exclusion effects.
4.2.3. Dynamic Behaviors of Motors
Motors walk on actin filaments toward a barbed end at a rate, km, that depends on a
extensional force, FN = VUs, acting on their arms (Figure 4.la):
3.6 x 10- / roA
kw (F)= dwDexp [ d+d,c +dw, exp f [s] (4.3)kBT kB
3.6 x 10-8 /roA else
dw,D + d,c + dw, exp
where dw,D 1.1X10-3 s, d,c= 8.0x10 2 s, dwj= 5.9x10-3 s, >,,D 1.3x10-8 M, -,
2.2x 10-9 m [93], ro,A= 70 nm, and f is a unit vector tangential to an actin segment toward
a pointed end. Although motors in this study mimic a myosin minifilament consisting of
numerous myosin II molecules, Equation 4.3 and the values of dw 's and & 's are adopted
from a single-molecule experiment examining myosin V under 1 mM ATP [93] since a
precise analytical model for describing the walking rate of a minifilament is not well-
known due to both difficulty in measurements and the dependence of the walking rate on
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the number of myosin heads involved with walking action [94]. Nevertheless, the load-
dependent walking rate of the minifilament measured in [95] is still qualitatively similar to
that of myosin V, justifying the use of Equation 4.3 for roughly mimicking myosin
minifilament. Although a motor is assumed in this model to be composed of two arms
(Figure 4.1a), we take this to correspond to a single myosin minifilament consisting of
many myosin II molecules since the minifilament still walks between only two actin
filaments. As seen in Equation 4.3 and Figure 4. 1b, only tension (r ro) directed to a
pointed end (N -, 0) affects km, resulting in a stall force, ~4 pN, beyond which motors
cease walking. Each point connecting two adjacent actin segments on a filament has two
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Figure 4.1 Walking of motors in our model. (a) A schematic diagram showing the
walking event of a motor on actin filaments. F, = VU, is a force acting on the arm of a
motor, i is a unit tangential vector to an actin segment toward a pointed end, and rO,A is
the equilibrium length of a single actin segment. Bent arrows represent a walking process
that the motor arm jumps from a current binding point to a next one located toward a
barbed end. (b) A walking rate, km, depending on N -. While F tilted to a pointed
end significantly decreases k, (N -7> 0), , directed to a barbed end has no effect on k,
(Fs -i<0).
binding sites for either motor or ACP; a motor is capable of walking only when a next point
located toward a barbed end has at least one available site. At each walking event, the end
point of a motor arm instantly jumps from a current point to the next one, leading to a
displacement of about ro,A. If the arm reaches the last point on a filament, it remains there
until it unbinds.
As with ACPs, motor proteins also unbind following Bell's equation as ACPs [47]:
kM exp if rro
ubM if r<r
where kM0b= 0.02 s1 is the zero-force unbinding rate coefficient, and Aub,M= 2.6x 10-9 m is
the mechanical compliance of the bond for unbinding [96]. These parameter values
correspond to a single heavy meromyosin (HMM) in the ADP state, not a minifilament
consisting of many myosin II molecules. Since time that the minifilament spends in a
bound state is highly dependent upon how many myosin heads are bound, the measurement
and modeling of minifilament unbinding are both quite difficult. Note that by comparing
kubM and Lub,M with kub,AcP and '1 ub,ACP, it can be seen that a motor unbinds less readily than
a crosslink at zero force but becomes proportionately more likely to unbind as force
increases. Although unbinding of motors is also one of the phases of walking, these two
events are considered separable for systematic analysis. For simplicity, simultaneous
unbinding of both motor arms is prohibited as ACPs.
4.2.4. Boundary Conditions of the Computational Domain
As described in Chapter 2, for bulk rheology measurements, filaments passing
through boundaries were severed and irreversibly clamped to the boundaries. However, in
some of the morphological studies here, actin filaments are attached to boundaries via
breakable bonds mimicking focal adhesions between a cell membrane and the cytoskeleton;
detachment from boundaries is permitted following Bell's equation whose k,0 and Aub can
be set differently on the six boundaries. Since focal adhesions are known to be facilitated
by filamin A [97], we set the values of kb and lub based on those of ACP. Rebinding
of filaments to boundaries is not allowed.
In addition, for morphological studies, the boundaries are allowed to move as a
result of the normal stress acting on them. The domain is assumed to be surrounded by an
elastic medium with different Young's modulus, E, on six boundaries of the domain. The
boundary (assumed to remain planar) experiences a normal stress of [, is displaced to a
location corresponding to a strain of -r / E. This crudely simulates a cell located in
extracellular matrix with uneven stiffnesses such as endothelial cells although many
fundamental aspects are ignored such as hydrodynamics and poroelastic effects.
4.3. Results
4.3.1. Effects of Concentrations of Motors and ACPs
First, we investigated the effects of concentration of motors and ACPs on
viscoelastic moduli using a rather small network in a cubical domain whose width is 2.8 ptm
for computational efficiency.
4.3.1.1. Motor Concentration (RM)
At three different RACP (0, 0.005, and 0.010), G' at 10 Hz is measured with varied
RM (Figure 4.2a). Note that in our model, motors do not self-assemble into motor
minifilaments, so that RM in the simulation corresponds to R for the minifilament in
experiments. G' appears to exhibit a power-law behavior:
G'~- R (4.5)
although x ranges between 0.9 and 1.3 and tends to decrease slightly with higher RACP since
ACPs can suppress motor walking by occupying the binding sites on actin segments
although ACPs are capable of increasing G' via crosslinking. At RACP = 0, motors
markedly stiffen a network with G' enhanced about 100-fold since greater contractile forces
are generated by a larger number of motors. This tendency has been observed in an
experiments [18] although the existence of a threshold myosin concentration above which
networks begin to stiffen in the experiment is not observed in our study. Considering
multimerization of myosin II molecules, a certain amount of myosin II would be necessary
for the minifilament to be processive. In our model where motors do not self-assemble, it
is not surprising that the threshold of RM does not appear.
Plots of G' (Figure 4.2b) and G" (Figure 4.2c) versus frequency with four different
RM at RACP 0.005 show that, with higher RM, the magnitude of G' steadily increases with a
fairly consistent slope, whereas in the experiment [18], concentration of myosin II affects
both magnitude and slope of G'. G" tends to increase at lower frequencies with greater
(a)10)2 (b)
102
10
10
R AR0 010=07010ACP '10 -RM = 0.015
( AcP=0.005: RM 0.010
RAC 10 
RM =0.005
10 1010 10 101 102 3
Re M Frequency [Hz]
(C) (d) Gma
10 2
10
110
10 RM = 0.015 bRM = 0.015
rgRM = 0.010 .RM = 0.010
0RM = 0.005 R = 0.005
!RM= 0 RM=0
100 10 10 1 0 0 10 10
Frequency [Hz] Frequency [Hz]
Figure 4.2 G' and G" with different motor concentrations. (a) G' versus Rm at 10 Hz
with RACP =0-010 (red circles), 0.005 (green triangle), and 0 (blue inverted triangles). In
all cases, G' increases with higher Rm following the power-law behavior, G'~ RJ, where x
ranges between 0.9 and 1.3. (b) G' versus frequency at Rm = 0.015 (magenta circles),
0.010 (green triangles), 0.005 (blue inverted triangles), and 0 (black diamonds). RACP is
fixed at 0.005. With higher RM, G' has greater magnitude with relatively consistent slope.
(c) G" versus frequency. Motors increase G" due to more motor unbinding events. (d)
The ratio of G" to G' versus frequency. Despite increasing G", the ratio falling with
higher RM indicates that motors enhance the elasticity of networks.
..........................
RM primarily due to more unbinding events of motors. Despite increasing G", the ratio of
G" to G' in Figure 4.2d indicates elasticity of networks is enhanced by motors.
4.3.1.2. ACP Concentration (RAcp)
G' at 10 Hz is also measured at three different RM (0, 0.005, and 0.010) with
various RACP (Figure 4.3a). ACPs crosslink filaments more stably than motors against
forces due to the lower sensitivity of ACP unbinding (AZub,ACP < Aub,M), which sustains
percolation of networks and prevents a network from severely aggregating as shown later.
This nature of ACPs contributes to the increase of G' as seen in the case with RM = 0.005.
However, at RM = 0.010, addition of ACPs results in only a minor change in G' because the
occupancy of binding sites on actin segments by ACPs can reduce the average walking
distance per motor as shown in Figure 4.3b.
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Figure 4.3 G' with different ACP concentrations. (a) G' versus RACP at 10 Hz with RM=
0.010 (red circles), 0.005 (green triangle), and 0.0 (blue inverted triangles). While the
influences of RACP are significant at RM= 0.005 and 0, G' increase slightly at RM = 0.0 10.
(b) At RM = 0.0 10, average walking distance per motor decreases with higher RACP
(numbers in the legend), indicating that ACPs hinder motors from walking.
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4.3.2. Significance of Kinetic Parameters
To evaluate the relative importance of three rate processes in our simulation - the
unbinding and walking of motors and the unbinding of ACPs - we examined G' at 10 Hz
with mechanical sensitivity (A) of each process varied with other parameters held fixed.
In Figure 4.4a, the effects of a change in Ab,M on G' are impressive; processive motors
that are capable of walking for a long time without unbinding due to a low )b,M lead to
very high G', whereas the increase of G' induced by non-processive motors with high Ab,M
is significantly smaller. By contrast, the influence of Ab,ACP and 2 on G' is small
regardless of the existence of motor unbinding. It might seem surprising at first, that 4
(that determines the stall force beyond which motors cease walking) plays such an
insignificant role. However, even stalled motors are able to bear a force larger than the
stall level if other motors indirectly connected to them continue walking, inducing
additional contractile stress transmitted through the network. Figure 4.4b representing the
distribution of longitudinal forces, Fs - , acting on motors with three different Aub,M
demonstrates the interesting result that the forces can be significantly higher than the stall
level, ~4 pN.
These observations imply that the amount of force that a motor can support before
it unbinds is the most significant determinant of G'. To verify this hypothesis, G' (Figure
4.4c) and G" (Figure 4.4d) are calculated as functions of frequency with A2b,M varied from
one-tenth to ten-fold the standard value. 4b,M affects G' to a vastly greater extent than
RM; G' with low Ab,M exhibits frequency-independent behavior, whereas G' with the
highest 2 kb,M is hardly different from that without any motors at all (Figure 4.2b). Of
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Figure 4.4 Effects of kinetic parameters and the importance of motor unbinding. A
single network with RACP =0.005 and RM 0.015 is used for these simulations. (a) Ratio
of G' with varied A. (= factor x ,%*') to reference G' with 2 *e. Blue inverted triangles:
As red circles and green triangles: 3-b,ACP and AL with motor unbinding, and cyan left-
pointed triangles and black right-pointed triangles: 2 Ub,ACP and A~ without motor
unbinding. Asy~ highly affects G' while other 2 's have negligible effects regardless of
the existence of motor unbinding. (b) Distribution of longitudinal forces acting on motors
depending on A1I,M with a stall force of ~4 pN. Forces distributions are highly governed
by 2 uby and can be greater than the stall level. (c) G' versus frequency at five different
'
1 bM. Aub,M significantly affects both the magnitude and slopes of G' unlike RM. (d) G"
versus frequency. G" has the maximum values at Aj, -- AtM. (e) Ratio of G" to G'.
Lower iha induces very elastic networks.
particular note, is that 2 ,b,M significantly changes the slope of G' unlike Rm. This
tendency is strikingly similar to [48] where the processivity of myosin II was adjusted by
changing the concentration of ATP using creatine phosphokinase. This implies that the
slope of G' is governed mainly by motor processivity, and thus the variations in G' due to
different concentrations of myosin II in [18] might originate from changes in both
concentration and processivity of myosin minifilament. G" also exhibits quite interesting
behaviors (Figure 4.4d); G" increases from b/10 to ' since unbinding events of
motors occur by smaller forces, inducing greater energy dissipation. However, when
,;bfM is increased further, to 2f x 10, it falls; this is because the number of bound motors
significantly decreases as motors become quite sensitive to even very small forces.
Despite the non-monotonic behavior of G", the ratio of G" to G' indicates that networks
with lower )ub,M are much more elastic (Figure 4.4e).
4.3.3. Governing Factors of Network Morphology
We investigated the morphology of either small (2.8 pim) or large active network
(5.0 pim), and preliminary results will be discussed here.
4.3.3.1. Effects of ACPs
We probed the roles of ACPs in morphology of networks by comparing two cases
with motors (RM = 0.010), one of which has ACPs (RACP 0.003, Figure 4.5a,c,e,g) while
the other does not (RACP = 0, Figure 4.5b,d,fh). Periodic boundary conditions are applied
in all directions. In Figure 4.5fh, most parts of the network form a large aster, which has
(b) At t = 1 s without ACP
(d) At t = 2 s without ACP
(a) At t = I s with ACP
(c) At t = 2 s with ACP
(f) At t = 3 s without ACP
(h) At t = 4 s without ACP
..................... : .................
(e) At t = 3 s with ACP
(g) At t = 4 s with ACP
Figure 4.5 Morphology of networks consisting of actin filaments (cyan, CA=l2 ptM) and
motors (blue, RM = 0.010) (a,c,e,g) with or (b,d,fh) without ACPs (red, RACP = 0.003) at
(a,b) t = 1 s, (c,d) 2 s , (e,f) 3 s , and (g,h) 4 s. Periodic boundary conditions are applied in
all directions. For clearer visualization of the aggregates, each network is duplicated
twice in each direction. Scale bars in (a,b) equal 1 ptm. Networks without ACPs (b,d,fh)
are more heterogeneous than those with ACPs (a,c,e,g). (i, j) Morphology of reconstituted
actin networks with only myosin II adapted from (i) [18] and (j) [48]. Due to the
contractile actions of myosin II, they tend to form many asters, in a process referred to as
superprecipitation.
been observed in experiments and termed "super-precipitation" [98], and the aster has been
observed in several experiments with reconstituted actin solutions only in the presence of
myosin II (Figure 4.5ij) [18,48]. The aster does not appear when unbinding of motors is
prohibited (data not shown), meaning that the aggregation process must be associated with
the subsequent unbinding events in conjunction with walking. By contrast, in Figure
4.5e,g, despite the formation of a few small aggregates, the overall distribution of actin
filaments and motors is still relatively homogenous. This morphology is quite similar to
that illustrated in a movie from [48] showing nonthermal fluctuations of the actin network
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crosslinked by biotin and neutravidin with myosin and also to the reconstituted actin
network crosslinked by filamin with myosin II in [18].
Figure 4.6 represents the morphology of active networks used to investigate the
rheological effects of RACP in Section 4.3.1.2. Periodic boundary conditions are applied
except in the z-direction, which was required due to the bulk rheology measurement.
Without ACPs, most actin filaments either agglomerate near z-boundaries or form asters,
causing very poor percolation. On the contrary, networks with higher RACP tend to exhibit
more homogeneous distributions of actin filaments and motors, consistent with Figure 4.5,
and their high connectivity between the upper and lower boundaries in z-direction
contributes to greater G' as mentioned earlier.
ACPs that are less sensitive to forces can behave as a stabilizer that prevents a
network from aggregating or forming asters, and also they hinder motors from walking by
(a) (b) (c)
Figure 4.6 Morphology of networks employed for investigation of rheological effects of
RACP in Section 4.3.1.2, composed of actins (cyan, CA = 12 gM), motors (blue, RM = 0.010),
and ACPs (red). Periodic boundary conditions are applied except in the z-direction, and
the width of the cubical domain is 2.8 gm. (a) RACP = 0. (b) RACP = 0.005. (c) RACP
0.010.
occupying binding sites on actin segments. All of these actions lead to a rather uniform
distribution of components.
4.3.3.2. Effects of Motors
In Sections 4.3.1.1 and 4.3.2, we showed that the activities of motors increasing the
elasticity of networks can be enhanced via a larger number of motors (higher RM) or greater
processivity (lower A)b,M). Here, to investigate how the motor activities affect
morphologies, we examined networks with different RM and /Lb,M. Figure 4.7 represents
morphology of networks that were employed to study the effects of RM on rheology in the
Section 4.3.1.1. As expected, at the same RACP, a greater number of motors leads to more
heterogeneous distributions with many aggregates. In Figure 4.8, a network with the
highest 4bm exhibits a more uniform distribution since few motors remain in a bound
state. However, as Abm decreases, the stable walking motions of motors induce a highly
(a) (b) (c)
Figure 4.7 Morphology of networks used to estimate the influences of RM on rheology in
the Section 4.3.1.1, comprising actin (cyan, CA = 12 jiM), motors (blue), and ACPs (red,
RACP = 0.005). Periodic boundary conditions are imposed in x- and y-direction on a
cubical domain whose width is 2.8 pm. (a) RM = 0. (b) RM = 0.007. (c) RM =0.015.
(b) (c)
Figure 4.8 Morphology of networks whose G' was measured to probe the effects of Abm,
consisting of actin (cyan, CA= 12 pM), motors (blue, RM = 0.015), and ACPs (red, RACP =
0.005). The domain whose width is 2.8 gm has periodic boundary conditions on the x and
y boundaries. (a) AbM fub X 10. (b) Ab =;e x3. (c) Ab =bi". Lower Ab,M
results in highly processive motors, leading to the heterogeneous distributions of
constituents with many piles of actin filaments.
heterogeneous morphology. From these observations, it is implied that motor activities
tend to aggregate networks by contractile forces, resulting in non-uniform distributions.
4.3.3.3. Effects of Adhesions to Boundaries and External Medium Stiffness
We also studied the influences of the adhesions of networks to boundaries and the
medium stiffness on network morphology. Based on our previous observations that only
those actin networks with motors tend to aggregate with poor percolation, we added a small
amount of ACPs (RACP 0.003) with motors (RM = 0.010) to stabilize the networks.
Filaments crossing boundaries are severed, then clamped on the boundaries in all directions,
followed by the deactivation of periodic boundary conditions.
First, we allow the clamped filaments to unbind from boundaries following Bell's
...............................................................................  ..    .......
(a)
equation with k,b,ACPad 'ub,ACP as explained in the Section 4.2.4, which is intended to
mimic some aspects of the behavior in focal adhesions. ku0bAcP is identical on all six
boundaries, whereas different values for 'ub,ACP are imposed on a pair of boundaries in each
direction. With Lub,ACP 10 times greater on two boundaries in x-direction than those on
other four boundaries in y- and z-directions (Aub,ACPx = 1 O/ub,ACPy 1 OAub,ACPz = 10 ACP),
a 2-D sheet-like structure with multiple contractile foci is formed (Figure 4.9b,d,f) as
observed in a computational study where clamped boundary condition is applied in two
directions with a free condition imposed in the other direction [63]. By contrast, with
"ub,ACP,x = Aub,ACPy = 1 O)ub,ACPz 10 2CACP, a 1-D stress-fiber-like structure is generated
(Figure 4.9a,c,e) as in the other computational study where a bundle appears in response to
the stretching of a computational domain with dynamic crosslinking points [62]. Also, in
experiments [99], formation of stress fibers in the direction of cyclic stretching was
observed, attributable to changes in focal adhesion sites due to the stimulus. It would be
(b) At t=5 s with Ax= 101y = IOLZ(a) At t =5 s with Ax= Ay = 10Az
(d) At t = 50 s with A,= 102y = 10Az
(e)Att=50swithx=LY 1OLZ (f) At t:= 50 s with Ax 104y 1lO
Figure 4.9 Network morphology under clamped boundary conditions with detachable
filaments. Different values of Aub,ACP are applied in each direction; outer gray lines
represent the edges of the domain. (a,c,e) With 2 ub,ACPx = Aub,ACPy 1 Olub,ACPz = 10 aZACP,
a structure similar to stress fibers gradually emerges at (a) t = 5 s and (c) t = 50 s. (e)
Most filaments located at mid of the 1 -D structure are aligned in z-direction with multiple
motors and ACPs. (b,d,f) With "ub,ACP,x = 1 O{ub,ACPy 1 O)ub,ACPz = 1 ACP, a 2-D sheet-
like structure is formed at (b) t = 5 s and (d) t = 50 s. (f) View from a different perspective
clearly shows the flat structure with several agglomerates.
(c) At t = 50 s with A,,= Ay = 10Az,
interesting to allow reattachment of filaments to boundaries or to impose various
distributions of Aub,ACP even on one boundary (e.g. lower lub,ACP on several lines oriented in
x-direction on z-boundary).
Second, while boundaries of the domain have been stationary in previous cases,
they are allowed to move in the direction normal to them following the stress-strain
relationship explained in Section 4.2.4, which crudely simulates the effect of a surrounding
elastic medium. Using a small value for E on the x- and y- boundaries (Ex = Ey = 20 Pa)
and large E on the two remaining (z) boundaries (Ez = 104 Pa), the initial cubical domain
shown in Figure 4.1 Oa deforms into long rectangular one with CA = 177 p.M due to normal
stress induced by the contractile forces of motors, leading to the nematic orientation of
actin filaments (Figure 4.10b) similar to [100]. Using Ex = Ey = Ez =20 Pa, the domain
becomes a small cubic with CA = 1 mM, containing highly bent filaments (Figure 4.10c).
Although these results with movable boundaries are interesting, caution must be exercised
in applying these results to real systems because of the idealized conditions imposed (e.g.,
planarity of boundary surfaces).
4.4. Discussion
In this study we sought to elucidate roles of molecular motors in actin morphology
and rheology using a 3-D Brownian dynamics simulation. It was found that the
concentration and unbinding event of motors as well as ACP concentration exert large
effects on the elasticity of networks; the networks become more stiff with more ACPs and
processive motors, consistent with recent experiments [18]. Morphology of the active
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(a)
(c)
Figure 4.10 Morphology of networks with moving boundaries following stress-strain
relationship. (a) An initial network showing the original size of the domain. (b) With Ex
= Ey = 20 Pa and Ez = 104 Pa, the domain quickly shrinks in x- and y-directions due to
normal stress, inducing the nematic orientation of actin filaments with CA= 177 tM- (c)
With Ex = Ey = Ez = 20 Pa, the domain reduces to a small cube with CA = 1 mM containing
highly bent filaments.
networks tends to be more heterogeneous with a greater number of highly processive
motors, forming aggregates and asters. In contrast, ACPs help the networks to maintain a
homogeneous distribution by acting to stabilize the initial homogenous morphology.
These influences of ACPs and motors on the morphology are qualitatively quite similar to
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in vitro experiments [18,48]. We also found that adhesions of networks to boundaries and
stiffness of surrounded elastic medium are also important factors governing the
morphology of the networks. Interestingly, a stress-fiber-like structure was formed when
the adhesions of filaments to boundaries were strengthened only in the z-direction.
Considering the importance of stress fibers in cells, it would be useful to pursue this
approach further to elucidate the assembly mechanism of stress fibers.
As mentioned earlier, myosin II tends to multimerize to a thick myosin
minifilament unlike other types of myosin, but the role of multimerization is not quite clear.
In [18], it was presumed that a constant number of myosin II molecules would always
multimerize to form a single myosin minifilament based on the observation that
reconstituted myosin II solutions generate myosin minifilaments of about 1 ptm in length
corresponding to 300 myosins. However, it might not be the case if myosin II exists in
conjunction with actin filaments since myosin II can either form a myosin minifilament or
bind to actin filaments. It is likely that a change in concentration of myosin II in the
experiments might have affected the concentration of myosin minifilaments; since this
would affect processivity, this might have contributed to the increase in G' observed in [18].
Speculating further, cells might possess a mechanism that controls the extent of
multimerization, which would enable them to regulate their stiffness even with the same
number of myosin II molecules. For example, it was found that phosphorylation of only
three threonine residues of myosin II can significantly change the self-assembly state to
minifilament [101].
We computed the G' of networks with seven different values of RM and six values
of 2 ub,M. Again, note that motors in our study do not multimerize, indicating that motor
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concentration (RM) in the simulation corresponds directly to the concentration of myosin
minifilaments in experiments [18]. G' tends to increase with higher RM and lower ?4b,M
(Figure 4.11), consistent with the previous findings in the Section 4.3.1.1 and 4.3.2. On
the naYve assumption that A1bm of a motor consisting of n individual myosins is n-fold
smaller than that of a single myosin, cases on each line in Figure 4.11 have the same
number of myosins. As indicated by arrows, most of the lines have an optimal condition
leading to maximum G'. It would be interesting to experimentally investigate whether the
degree of multimerization does indeed vary and to search for such a mechanism.
In sum, our model including molecular motors mimicking behaviors of myosin
minifilaments provided insights into underlying mechanisms of morphology and rheology
of active actin networks. At the same time, the results suggest new experiments that
10
10-
0
0.064 0.1 04-4 2 1 050.25
R 0.001 8 Factor, nRM
Figure 4.11 G' with seven RM and six LbM (= factor X Ajy ). Consistent with our
previous findings, G' increases with higher RM and lower 'Lb,M. Colored lines indicate
cases having the same number of myosins, and arrows show optimal conditions leading to
maximum G'.
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might be conducted both to further validate of the model but also to further elucidate the
roles of motors in cytoskeletal rheology and morphology. Since the presented results are
still preliminary, the improvement of the model and various analyses will be performed as a
next step.
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Chapter 5
Conclusions and Future Work
This thesis has studied the morphological and rheological properties of actin-like
networks using a 3-D computational model via Brownian dynamics. In Chapter 2,
viscoelastic properties of actin networks irreversibly crosslinked by ACPs were
investigated. We tested the effects of prestrain, the mechanical stiffnesses of actin
filaments and ACPs, the thermal fluctuation of actin filaments, and the kind and
concentration of ACPs on viscoelastic moduli of networks. In Chapter 3, we focused on
the roles of unbinding and unfolding events of ACPs on rheological behaviors of actin
networks. By simulating strain-stiffening, stress relaxation, and plastic deformation, it
was found that unbinding is a predominant factor governing the rheology of actin networks.
In Chapter 4, the influences of molecular motors on the morphology and rheology of actin
networks were studied. Processive motors have an abilitiy to enhance the elasticity of
networks and tend to increase the heterogeneity of network morphology. These studies
provide insight into understanding the morphology and rheology of passive and active actin
networks.
Further studies incorporating membranes will be interesting in that the new model
will be able to simulate reconstituted cell-like structures that have recently been employed
in various experiments [102]. As a first step, the simplest membrane model will be
employed where a membrane is considered an elastic shell whose surface is represented by
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a triangulated mesh. Spring and bending forces are applied between the adjacent vertices
of the components, yielding realistic mechanical stiffnesses of cellular membranes. Also,
actin filaments could be allowed to reversibly bind to the vertices to simulate focal
adhesions. If the simplest membrane model appears not to be sufficient, the
implementation of more rigorous membrane models [103] would be required. Although
the implicit hydrodynamics described in the Section 2.2.7 is valid in the current studies
(except cases with moving boundaries) due to the unchanging size of the computational
domain and the low volumetric percentage of networks (< 1%), a more rigorous
hydrodynamics model [104,105] might be required to simulate the cell-like structure since
the extensive deformation of membranes would cause the significant flow of internal
medium, and give rise to poroelastic effects. In addition, the model can further be
improved by adding other cellular components such as microtubules, intermediate filaments,
and the nucleus. Most of the current computational approaches simulating a whole cell
use FEM or very crude modeling. As mentioned in many references, such homogenized
descriptions of cells are not sufficient to elucidate the underlying mechanism of cellular
phenomena such as mechanotransduction and to find the distinct roles of different cellular
constituents. On the contrary, the rigorous discrete-particle computational model
including the membranes will be able to shed light to provide insights into many
fundamental aspects of cells. Some of these would include (i) the changes in cell shape
that occur during adhesion to a rigid surface, (ii) the rounding up of a cell upon release
from the surface, (iii) the formation of different cytoskeletal structures internally, (iv) the
deformations of a cell under various loading conditions, and (v) a number of different
biological processes that occur during cell migration or mitosis. These are only a few
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examples of how these models could be extended, but many more could be envisioned in a
variety of applications.
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